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STATISTICAL METHODS APPLIED TO THE STUDY 
OF ROCK FRACTURES 


QUANTITATIVE COMPARATIVE ANALYSIS OF FRACTURES IN GNEISSES 
AND OVERLYING SEDIMENTARY Rocks or NorRTHERN NEw JERSEY 


By Howarp J. Pincus 


ABSTRACT 


A quantitative analysis of fracture-orientation data collected in Precambrian gneisses and overlying 
lower Paleozoic sedimentary rocks in three northern New Jersey areas yields the following results: (1) 
The data, as plotted on both rectangular co-ordinates and the Schmidt equal-area net, show definite clust- 
ering for all localities studied; the Poisson Exponential Binomial Limit is applied to test for significant 
departure of the diagrams from isotropism, to estimate mean orientations of fracture sets (mean fracture 
planes), and to aid in interpreting the rectangular point diagrams. (2) Fractures and foliations in the crystal- 
line rocks do not appear to be genetically related. (3) Most localities have two principal joint sets, but 
there are proportionately more Precambrian than Paleozoic localities with three sets. (4) The Paleozoic 
localities show more concentrated clustering on the point diagrams. (5) The dihedral angle between mean 
fracture planes and bedding is typically near 90 degrees; the dihedral angle between mean fracture planes 
and foliation has no typical value. (6) The angle of fracture in both rock types appears to be independent 
of the nature of the rock. (7) Contrasts in rock type (metamorphic, vs. overlying sedimentary) are usually 
accompanied by striking differences in point-diagram patterns. (8) The measurement of a few large fractures 
gives no better approximation of the mean fracture planes than the measurement of an equal number of 
fractures of any size. (9) The trends of mean fracture planes conform with linear features visible on air 
photographs. (10) A high proportion of fractures dip steeply; dips in the crystalline rocks are systematically 
smaller than those in the overlying sedimentary rocks. 

The fractures in the gneisses are probably older than those in the sedimentary rocks. 

The deformation of the gneisses seems to have taken place through mechanisms fundamentally different 
from those involved in deforming the overlying sedimentary rocks. 
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I—GEOLOGICAL SETTING 
General Geology 


The fracture orientation data were obtained 
in the New Jersey Highlands (Fig. 1). Structur- 
ally, the area consists of comparatively gently 
folded lower Paleozoic rocks; Precambrian crys- 
talline rocks appear along anticlinal axes. The 
topography is a function chiefly of structure 
and lithology: gneisses in anticlines form ridges 
of moderate slope, and limestones in synclines 
underlie the valleys between. Quartzites form 
the steepest features. The rocks providing the 
fracture data range from Precambrian to lower 
Silurian. A generalized section of this part of 
the column is as follows (Kiimmel, 1938-1940) : 


areca 


Fotte 


+] 10 20 Mi. 


Ficure 1.—InpEx Map or New JERsey 


New Jersey Highlands, an invasion of the sea, 
beginning in Cambrian time and ranging 


Feet 

Silurian * Green Pond conglomerateft (Sgp) 1200-1500 

Martinsburg Shale (Omb) 3000 
Ordovician Jacksonburg limestone (Ojb) 125-300 

* Kittatinny limestone (COk) 2500-3000 
Cambrian * Hardyston quartzite (Ch) 5-200 

* Losee gneiss (Lgn) (Age relation of gneisses 
Precambrian unknown) 

* Byram gneiss (Bgn) 


* Formations providing fracture data. 


t Lies unconformably on the pre-Cambrian rocks in the Bowling Green Mountain area. 


After extensive deformation, metamorphism, 
and erosion of the Precambrian rocks in the 


‘ (II, 5) refers to Part II, Section 5 of this paper. 
This type of notation is used throughout the paper. 


through the Ordovician, resulted in the deposi- 
tion of a thick series of sediments. The Hardy- 
ston and the Kittatinny formations lie at the 
base of this series. 


Page 
.. 14 
127 : 
Page - 
108 
i 
n 
110 
B 
New Jersey 
112 
113 
113 renton 
“14 
119 
121 
Page 
the 
hes 
re- : 
ese 
the 
ing 4 
of 
in 
ge, 
re 
ne 


84 H. J. PINCUS—ROCK FRACTURES 


Near the close of the Ordovician, the land 


in New York, they lie upon the upper Ordovi- 


was uplifted, and the sea withdrew. In eastern cian Hudson River shales. North of Macopin 


New York and western New England the 


Lake, on the east side of Kanouse Mountain, 


LEGEND 


‘On KITTATINNY 
LIMESTONE 


HARDYSTON 
QUARTZITE 


BYRAM GNEISS . 
--- CONTACT 
FAULT 


ROAD 
LOCALITY 


Ficure 2.—GLApDSTONE-PEAPACK (AREA I) Map 


Taconic disturbance produced extensive folding 
and thrusting. The extent and degree of this 
foldi:.g in northern New Jersey has not been 
determined. 

The Green Pond and Shawangunk conglom- 
erates, generally conceded to be of the same 
age (lower Silurian), were deposited after the 
Cambrian and Ordovician formations had been 
so eroded that, in the Green Pond syncline, the 
conglomerates lie directly upon the Precam- 
brian gneisses. At the northern end of the 
syncline, northeast of Skunnemunk Mountain 


the Green Pond conglomerate lies upon the 
Cambro-Ordovician dolomite. Southwestward 
from Bowling Green Mountain along the band 
of sedimentary rocks which are bounded by 
crystalline rocks on both sides, only remnants 
of the conglomerate remain in the vicinity of 
Carey, Kenvil, and Rustic. From the geologic 
map (Bayley, Kiimmel, and Salisbury, 1914) 
it appears that here the patches of Green 
Pond conglomerate are underlain by the Cam- 
bro-Ordovician Kittatinny limestone. Still far- 
ther southwest along the same synclincal axis, 
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the Silurian rocks have been removed, and the 
Kittatinny beds are the youngest in the German 
Valley. 

Thus the tracing of this one band of sedi- 
mentary rocks demonstrates that the surface 
of erosion below the lower Silurian cuts across 
the older rocks from the upper Ordovician 
Hudson River shales to the Precambrian gneis- 
ses. It shows further that the axis of the 
Siluro-Devonian, Green Pond-Skunnemunk 
syncline coincides largely with the axis of the 
earlier syncline of Cambro-Ordovician rocks. 
Such a preservation of a fold axis through more 
than one period of folding is a common orogenic 
phenomenon. 


Geology of the Areas Selected for Study 


General geology.—The following areas in the 
New Jersey Highlands were investigated for 
study: 

(1) Gladstone-Peapack (anticline and syn- 
cline). 

(2) Califon* (anticline). 

(3) Washington* (anticline and syncline). 

(4) Oxford (anticline and syncline). 

(5) Viennaf (anticline). 

(6) Bowling Green Mt. (anticline). 

In the three areas selected, data were collected 
in Pre-cambrian gneisses and in the sedimen- 
tary rocks immediately above. At Gladstone- 
Peapack and Oxford, exposures of Hardyston 
quartzite are rare. Here the Kittatinny serves 
as the principal source of data in the Paleozoic 
sediments. Similarity in structural behavior, at 
least insofar as fracturing is concerned, is be- 
lieved to obtain for the rocks of these two 
formations (III, 6). 

Each of the three areas displays unique 
structural features. Although the Gladstone- 
Peapack and Oxford areas involve folding in 
the same kinds of rock, minor faults transect 
the folds of the former. In both areas, the 
foliation in the gneisses is generally quite indis- 
tinct, and at some points it appears to be 
missing (Figs. 2, 3). 

The part of the Bowling Green Mountain 


* Rejected for collection of data because of 
paucity of suitable ures. 

t Rejected for collection of data because of 
paucity of suitable exposures and magnetic effects 
of the crystalline rocks. 


studied consists of a sharply broken anticline 
of Green Pond conglomerate with linear limbs 
and a considerably shattered nose. The folia- 
tion in the gneissic core is more distinct than 
that in the other two areas, but in some expos- 
ures it is not easily determined (Fig. 4). 

Gladstone-Peapack, Oxford, and Bowling 
Green Mountain areas are referred to as “Areas 
I, Il, and III” respectively. Exposures studied 
within each area are designated “Localities” 
and are identified on the map and in the text 
by arabic numerals. 

Area I (GrapstonE-PEAPACK) (Fig. 2) : The 
area was mapped on a scale of about 1:6800 
(1 inch:100 paces) by means of a tripod- 
mounted Brunton; the small scale and early 
date of published maps (Bayley, Kiimmel, and 
Salisbury, 1914, on base map of 1908) rendered 
them unsuitable for this study. A mosaic was 
constructed of closed traverses chiefly along 
roads. Because the road cuts in this region pro- 
vide the most useful exposures of crystalline 
rocks, the two tasks of base mapping and geo- 
logical reconnaissance were performed concur- 
rently. 

The available air photographs of suitable 
scale and definition were taken when heavy 
foliage masked most exposures, and were there- 
fore of little help in reconnaissance. 

Large local exposures, such as quarries, in 
which fracture data were collected, were 
mapped by closed traverses on a scale of 1:680 
(1 inch:10 paces). The positions of points of 
collection aiong such exposures were entered 
accurately on these local maps to prevent du- 
plication of data if, for any reason, it might 
be necessary to return later for additional read- 

Also, the localities were mapped to deter- 
mine their principal dimensions with respect 
to distances along the strike between them. It 
was necessary to keep these dimensions small 
with respect to the distances between localities, 
say 1:10, so that the localities could be con- 
sidered as points not partaking of systematic 
areal variations. In addition, interpretation of 
data diagrams for the localities is simplified by 
following this rule (III, 1). 

Where fracture data were taken from a 
group of small exposures of gneiss near a road 
or along a road cut, closed traverses were not 
run. Detailed notes were taken, and the length 
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Ficure 3.—Oxrorp (AREA II) Map 


and direction of the maximum dimension of the 
locality were recorded. 

The heavy soil mantle and abundant glacial 
debris hampered the discovery of suitably large 
and desirably situated exposures. Although the 
Byram and Losee gneisses underlie topographic 
highs, hilltops usually lack exposures of rock 
in place. Road cuts are the best single source 
of exposures of Precambrian rocks. There is 
little danger that road construction has pro- 
duced fractures that might be confused with 
natural joints. 

The fractures in the gneisses lack regularity, 
frequently disappear into continuous rock, and 
occasionally run into each other in a somewhat 


confusing manner. They resemble quite closely 
the cracks in a deformed mass of clay. The 
fracture surfaces show considerable slickensid- 
ing, although weathering has almost obliter- 
ated this feature on many surfaces. 

The Hardyston quartzite was very rarely 
seen in outcrop; its presence was inferred from 
the location of loose quartzite boulders and 
occasional low linear swells along valley bor- 
ders. The fractures in the quartzite are small, 
regular, and well defined. 

Since the Kittatinny forms valleys, quarries 
are the best sources of information for this 
unit. The fractures in the Kittatinny are gener- 
ally regular and well defined and are larger 
than those in the quartzite. The fractures in 
the shalier beds are more closely spaced than 
those in the purer carbonates. 

The presence of cherts on hilltops underlain 
by gneisses seems to bear out the contention 
(Kiimmel, 1938-1940) that the Kittatinny 
blanketed the older rocks; the cherts are simi- 
lar to those found in the Kittatinny and are 
interpreted as solution residuals. 

AreEA II (Oxrorp) (Fig. 3): The mapping 
procedure here was identical with that in the 
Gladstone-Peapack area. 

U. S. Route 46 (N. J. 6) provides cuts 
through Kittatinny, Hardyston, and Precam- 
brian rocks. The last group is also exposed in 
cuts of the Delaware, Lackawanna, and Wes- 
tern Railroad. 

In this area, as in Area I, the Hardyston 
quartzite is rarely seen in place. 

The fractures in the gneisses and the sedi- 
mentary rocks display the same properties as 
those in Area I, except that in the Hardyston 
quartzite, which is more vitreous in Area II, 
the fractures are subconchoidal. 

Area III GREEN MOovunTAIN) 
(Fig. 4): Air photographs, used as a base map 
in this area, show many details of geologic in- 
terest which are visible because the photo- 
graphs were taken when foliage was absent; 
also, outcrops are especially prominent on the 
resistant conglomerate. For example, the air 
photographs show that the western limb of the 
anticline runs almost due west, abutting 
against an area of crystalline rocks, while the 
U. S. Geological Survey map (Kiimmel, Spen- 
cer, and Weller, 1908) shows a syncline formed 
by the conglomerate swinging around to the 
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Formation 


Description 


Remarks 


1—Peapack 


Kittatinny 


Bluish-gray, medium- to fine- 
grained magnesian lime- 
stone; bedding up to 3-4 feet 
thick, with occasional inter- 
layering of shaly and sandy 
members. 


Close fracturing of thin shaly 
interbeds closely follows the 
larger, more widely spaced 
joints of the carbonate 
layers. Locally, tiny vein- 
lets of deep-red carbonate. 
Quarry in operation. Dry. 


2—Quarry 


Kittatinny 


Gray and more massive than 
beds in No. 1. 


Few shaly beds present are 
closely fractured. Aban- 
doned and flooded. 


Kittatinny 


Similar to No. 2. 


Abandoned and overgrown. 


Kittatinny 


Reddish, medium- to fine- 
grained magnesian lime- 
stone; argillaceous laminae 
3-4 feet apart; becomes red- 
der, sandier, and shalier in 
lower beds, with quartz 
geodes occurring in the old- 
est beds. 


Selected close to Nos. 5 and 7 
for comparison of fracture 
orientations. Fault N.87°W., 
90-degree dip in southern 
part of quarry. Displace- 
ment on north side about 
30 feet to the west. Quarry 
abandoned. 


5—Quarry 


Kittatinny 


Bluish-gray to reddish-gray, 
medium- to fine-grained 
magnesian limestone, with 
some sandy layers. 


Abandoned. 


Kittatinny 


Bluish-gray to gray, medium- 

to fine-grained magnesian 
limestone. Some cross-bed- 
ding. 


Some banding shows lensing 
which may be cross-bedding 
in section. Close fracturing 
in shaly layers. Fault 
N.81°W., 68°W., in center 


. of quarry; displacement on 


north side about 10 feet to 
west. Abandoned and partly 
flooded. 


7—Hyatt Property 


Hardyston 


Fine- to medium-grained gray 
quartz matrix with white 
subrounded to 
quartz grains up to sand size. 
Occasionally feldspathic. 


rounded| 


Fractures are smaller in area 
than those measured in any 
other locality, but are regu- 
lar and well defined. Small 
exposure. 


8—Road west of North 
Branch, Raritan River, 
and east of Blairsden 
estate. 


Byram 


Yellowish-brown to brown, 
medium- to coarse-grained, 
traversed by black bands of 
hornblende and biotite. Con- 
tains much feldspar (includ- 


ing orthoclase) and quartz. 


Road cut. Smail amount of 
data collected due to small 
size of exposure. Is approxi- 
mately in line with syn- 
clinal axis cutting through 
Peapack. 
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Detamep Notes—Area I—Continued 


Locality 


Formation 


Description 


Remarks 


9—Road from south gate 
into Blairsden estate. 


Byram 


Same as No. 8, but somewhat 
finer-grained, becoming 
coarser-grained to the north. 
Foliation not distinct and 
frequently absent. 


Many diversely oriented frac- 
ture surfaces are slicken- 
sided. Immediate impression 
of fractures is that orienta- 
tions are random. Road cut. 


10—Blairsden road, west of 
the main house. 


Same as No. 9 but foliation is 
even less distinct, and the 
grain is coarser. 


Same as No. 9. 


11—Schiff Scout Center road, 
near bridge. Old quarry? 


Coarse-textured, occasionally 

with graphic intergrowths; 
gross composition and color 
similar to No. 8; foliation 
very faint. 


Many slumped blocks re- 
quired careful examination 
of exposures before readings 
were taken. 


12—Near Schiff Scout Center 


Coarse-textured, but not gen- 
erally as coarse and felds- 
pathic as No. 11. 


Road cut and hill side. 


13—West end of dirt 
to 


road 
road leading to Schiff 


Same as No. 9. 


Foliation locally dips west, 
but is dominantly east. 


camp. Just south of 


dam. 


Fractures cut across swirls 
in foliation. 


northeast. The writer’s field work indicates 
that the interpretation drawn from the photo- 
graphs is correct (Fig. 4). 

Furthermore, the western “contact” of the 
Losee and Byram gneisses within the anticline, 
as shown on the U. S. Geological Survey map, 
coincides with a prominent line on the photo- 
graphs which, when extended northward, coin- 
cides with a fault zone cutting the Green Pond 
conglomerate. Probably this “contact” is actu- 
ally a long shear zone; its trend is almost paral- 
lel to the trend of the large fault to the west 
which truncates the western limb of the anti- 
cline (Fig. 4). 

The Green Pond conglomerate in this area 
is a fairly uniform, grayish to grayish-purple 
quartzitic conglomerate with angular to moder- 
ately rounded white quartz pebbles up to 2 
inches long. The size of the pebbles gradually 
increases toward the contact with the under- 
lying gneisses. The matrix is vitreous and 
highly quartzose. Prominent cross-bedding is 
common. Cracks in the pebbles are usually 
parallel to the larger fracture surfaces. No evi- 
dence was seen of intraformational bedding- 
plane slippage. 


The fractures in the conglomerate are gener- 
ally regular and well defined, cutting quite 
smoothly across the cross-bedding. A somewhat 
puzzling feature is the existence, very close to 
each other, of fractures of parallel orientation, 
some of which are quartz-filled, while others 
are empty and closed. Small en echelon frac- 
tures are also present, lying in zones parallel 
to cross fractures; some of these en echelon 
fractures are quartz-filled, while others are not. 
Possibly the quartz-filled fractures resulted 
from locally more prolonged deformation which 
caused the fractures to gap and fill with vein 
quartz. 

Between the belt of exposures of conglomer- 
ate and the scattered outcrops of the underly- 
ing crystalline rocks is a narrow draw which 
is quite prominent in the east limb of the 
anticline, and locally present in the west limb. 
Loose blocks, consisting mostly of conglomer- 
atic talus, abound in the depression. The draw 
may be the surface expression of a crush zone 
developed along the gneiss-conglomerate con- 
tact, and along which considerable slippage and 
shattering took place during the break-folding 
of the Green Pond conglomerate. 
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Locality Formation Description Remarks 
1—South entrance, Oxford) Byram Yellowish-brown to brown,| Slickensides of steplike char- 
Tunnel, west side of cut. medium- to coarse-grained,| acter somewhat obscured by 
with foliation visible only on} weathering and grime. Frac- 
a few fresh surfaces. More} tures generally well defined. 
linear than platy. Same gross} 
composition as Area I. 
2—North entrance, Oxford) Byram Same as No. 1. Same as No. 1. 
Tunnel, east side of cut. 
3—Quarry Kittatinny | Gray, fine tomedium-grained,| Fractures large and well de- 
thick-bedded, magnesian| fined. Abandoned and over- 
limestone. grown. 
4—Stewart Gap Byram Coarse-grained, highly felds-| Great irregularity of some 
pathic, with no visible folia-| fracture surfaces resulted in 
tion. Some rocks in the vi-| use of smaller proportion of 
cinity noticeably magnetic. | fractures than in other lo- 
calities. Some sheeting pres- 
ent, but not in exposures 
used as sources of data. 
5—Southernmost limestone| Kittatinny | Similar to No. 3. Road cut. 
exposure on N.J. 6, 
north of branch road to 
Pequest. 
6—Green farm, N.J. 6. Kittatinny | Similar to No. 3. Abandoned quarry bordering 
road. 
7—First gneiss exposure} Byram Grayer than Nos. 1 or 2, with} Road cut. 
north of No. 6 along N. foliation more apparent, some 
J. 6. bands resembling bedding. 
8—N.J. 6, south of Great} Hardyston | Gray, fine-graned quartzite,) Subconchoidal fracture sur- 
Meadows. with vitreous matrix. faces difficult to measure. 
9—Pequest railroad cross-| Byram Same as No. 1. Same as No. 1. 
ing. 
10—Townsbury granite! Byram Grayer and coarser than Nos.| Some fractures quite large 
quarry, north of N.J. 6. 1 and 2; foliation faint to ab-| and regular. 
sent. 


The Byram gneiss is similar to that in Areas 
I and II, The Losee gneiss contains more light- 
colored feldspar and quartz than the Byram 
and is finer-grained and lighter-colored on the 
weathered surface. 

In this area, the foliation, which is not 
always easy to determine, is more distinct than 
in Areas I and II. It is less distinct in the 
Losee than in the Byram. Fairly persistent 


pegmatitic sheets from a fraction of an inch 
up to a foot or more thick lie parallel to the 
foliation. 

The fractures display the same characteris- 
tics as those in the gneisses in Areas I and II, 
but, in addition, near No. 4 there is an expos- 
ure with some very persistent partings which 
bear a striking resemblance to flat-lying 
bedding planes. Close inspection, however, re- 
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veals that the partings cut ihe foliation almost 
at right angles. The par‘.ags are almost paral- 
jel to the bedding of thie conglomerate in the 
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curvature. However, there is enough change 
between the localities in each area to define 
adequately the overall structure so that frac. 


Pond Conglomerate 


Ficure 4.—Bow1inc GREEN Mountain (Area III) Map 


adjacent locality, No. 5. Could they be the 
result of frictional resistance to differential 
movement of the overlying conglomerate along 
the contact with the gneisses? 

Here, slickensiding is not so apparent as in 
the other two areas, probably because the 
exposures are natural and old, and, therefore, 
have been weathered considerably more. 


AND STATISTICAL 
TREATMENT OF QUANTITATIVE 


1.—Selection of the Localities 


In each area studied, localities were selected 
in the lowest continuous Paleozoic rocks repre- 
sentative of the changing trend around the 
structure. The lack of exposures of sufficient 
size, or of any exposures, prevented complete 
definition of all significant changes in trend and 


ture orientations may be investigated as a 
function of structure. Additional localities not 
showing significant changes in trend were in- 
troduced in some instances to provide reference 
data with which localities in structurally simi- 
lar positions could be compared. (See Area I, 
Nos. 4 and 5; Area III, Nos. 6, 8, and 10.) 

Localities in the Precambrian gneisses were 
placed, insofar as possible, across the strike 
from and in structural positions corresponding 
to those of the localities in the overlying Paleo- 
zoic sediments. Where this was impossible, it 
was usually feasible to select localities some- 
what offset parallel to the Paleozoic trend and 
in comparable structural positions. (See Area 
II, north limb of syncline.) 

The largest linear dimension of any locality 
is approximately 110 yards (100 meters); the 
average maximum dimension is less than half 
that amount. 
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DetarteD Notes—AreEa III 


Locality 


Formation 


Description 


Remarks 


Some gapped surfaces are 
filled with milky quartz. 
Some movement alo. z frac- 
ture surfaces indicated. 


1—East of anticline {| Green Pond | Mrscribed in text 


2—Nose of anticline Green Pond | Described in text Same as No. 1 


3—West limb of anticline | Green Pond | Described in text Same as No. 1 


Light-colored, _fine-grained,| Fractures resemble cracks in 
weathering grayish white or| clay, as described in text. 
brown. Foliation fairly ap- 
parent, although not obvious. 


4—Just west of contact with} Losee 
conglomerate in east 
limb (No. 5) 


5—At base of conglomerate} Green Pond | More large pebbles than in 
of east limb Nos. 1 and 3 


Quartz veinlets are roughly 
parallel to larger fracture 
surfaces. 


Typical Losee 
Foliation visible 


6—Just south of contact} Losee 
with conglomerate in 
west limb (No. 7) 


7—At base of conglomerate} Green Pond | Described in text 
of west limb 


8—West of No. 6 and in| Byram Typical Bryam composition.| In the coarse bands is some 
similar structural posi- Some coarse-grained, more| faint fracture cleavage bear- fi 
tion feldspathic bands lie parallel} ing northeast. 
to foliation. 


9—West of No. 7 and in| Green Pond} Described in text Cracks in pebbles are parallel 


similar structural posi- 
tion 


to larger fracture surfaces. 


10—West of No. 8, and in 
similar structural posi- 
tion, and south of No. 9 


Byram 


Somewhat finer-grained than, 


the typical Byram, with 
bands of the more typical 
texture interspersed. The 
bands are parallel to faint 


In the coarser bands is some 


fracture cleavage bearing 
east-northeast. 


foliation. 


The distance between localities along the 
strike within a given rock type is usually at 
least 10 times the average maximum dimension 
of the localities. 

Thus, insofar as possible, the Paleozoic local- 
ities were chosen far enough apart so that the 
data sources could be considered as points, and 
close enough to represent the amount of curva- 
ture along the trend; Precambrian localities 
were tied to structurally comparable Paleozoic 
localities wherever possible. Other Precambrian 
localities, as for example Area I, Nos. 11 and 


12, Area II, Nos. 1 and 2, Area III, No. 8, were 
set up for purely geological reasons involving 
the possible detection of structures within the 
gneisses which may be related to and antedate 
Paleozoic and later deformation (III, 9). 


2.—Principles Used in Collecting Field Data 


Orientations of all fractures were measured 
at small exposures; at large exposures such as 
quarry walls, all fractures within reach along 
the most convenient traverse were measured, 
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until sufficient data had been accumulated (II, 
4). Thus, the attempt was made to eliminate 
subjective selection of primary data. 

Miller (1933), in recognizing the problem of 
obtaining an impartial sample, states that the 
best method is to measure all joints. 

In this study, data were not collected on 
orientations of fracture surfaces (1) cutting 
rocks not definitely determined to be in piace, 
(2) too small in area (i.e., measured in terms of 
but a few square inches or less), (3) which are 
the small, irregular components of large sur- 
faces, (4) which are so irregular that they could 
not be approximated by a plane, (5) close to 
recognized faults. Thus the possibility of local 
stresses affecting the mode of fracture as re- 
corded is lessened. Wager (1931) presents a 
quantitative study of such an effect. 

Quantitative data on the spacing of fractures 
were not ccllected. In some quarries the spac- 
ing of dominant fractures is related, at least 
in part, to the lithology. In the more argilla- 
ceous carbonate rocks, parallel fractures are 
more closely spaced than in the purer car- 
bonate rocks, sometimes by a factor of as much 
as 5. The fact that the impure beds are usually 
thinner than the pure also enters into the 
problem of spacing. 

King (1948) believes the spacing of joints 
depends on the nature of the rocks and particu- 
larly on tectonic relations. In more highly 
deformed areas, fractures are more closely 
spaced. However, evidences of the effect of 
varying degrees of deformation on the spacing 
of joints were not observed in the present 
study. 

The possibility that the character and 
orientation of fractures at the weathered sur- 
face may differ from those at depth has been 
considered by King (1948) and Miiller (1933). 
In this study, almost all observations in Areas 
I and II were made in quarries and road cuts 
in which weathering could not have exerted 
much influerce on the fractures. In Area III, 
both the sedimentary rocks and the underlying 
crystallines have been subjected to much 
weathering, and therefore comparison of frac- 
tures between the two rock types does not 
involve the unintentional comparison of weath- 
ered with unweathered material. 

The writer believes that weathering pro- 
duces, at most, only a trigger action along pre- 
determined planes of weakness. The observa- 


tion of Appleby (1942), that fractures in 
dynamited exposures correspond closely with 
those of normal exposures, is compatible with 
this contention. The differences with depth 
reported by King (1948) and Miiller (1933) 
may be more apparent than real, since the 
same planes of weakness may exist throughout 
the vertica] extent of a rock mass, but weath- 
ering could result in the “birth” of fractures 
at the surface which obscure the fewer sets 
below. 

Some cautions to be observed in collecting 
fracture data are: 

(1) Fractures almost parallel to foliation or 
bedding tend to be overlooked once the orien- 
tation of the foliation or bedding is known. 

(2) The techniques of the investigator may 
vary with time. During the course of a field 
season, efficiency may be increased by modi- 
fying methods, but such modifications should 
be instituted only if the later body of data 
does not have a meaning different from the 
earlier. Such a difference could come about, 
for example, in the measurement of irregular 
surfaces if, in midseason, in the interest 
of speed it were decided to measure the largest 
smooth part of the surface rather than the 
overall orientation. Whether or not such a 
modification should be made would depend on 
geological considerations and quantitative 
tests. 

It is highly desirable to plan the field pro- 
cedure carefully in advance. Methods should 
be based on the investigator’s experiences, 
modified by the techniques of others. A “test 
run” of a few days in the area to be studied 
will often help considerably in approaching an 
adequate level of standardization and may save 
considerable time and lessen confusion. 

Some of the personal factors involved in col- 
lecting fracture data are considered by Miiller 
(1933). 

(3) All data should be collected by one 
worker; data of more than one observer should 
be accepted only after the results obtained in 
a test area prove comparable. The test area 
should involve situations requiring typical de- 
cisions concerning what to use and what to 
reject. 

(4) Very large fracture surfaces may be inad- 
vertently measured many times and therefore 
tabulated as that many fractures. This effect 
may be minimized by standing off at a distance 
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from the exposure to view it in its grosser as- 
pects before approaching it to make measure- 


ments. On the other hand, such large features sents north-south strike and vertical dip. 
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and the ordinate denoting strike and dip 
values, respectively (Fig. 5). The origin repre- 
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may be overlooked if they form the face of a 
quarry wall or cliff of imposing dimensions. 
Cizancourt (1947) has considered this problem. 

(5) In sedimentary rocks, one should observe 
if there are variations in fracture patterns from 
bed to bed, and in that case data should be 
collected separately for the different beds. 
Lumping of such data would “blur” the point 
diagrams (II, 3), and the values of the co- 
ordinates of concentrations would be subject 
to suspicion (II, 5). 


3.—Method of Plotting the Data on 
Rectangular Co-ordinates 


General discussion.—In this paper, fracture 
orientations have been plotted as points on 
rectangular co-ordinate diagrams, the abscissa 


Ficure 5.—RECTANCULAR CO-ORDINATE DIAGRAM 


Northwest strikes up to N.90°W. and northeast 
strikes up to N.90°E. are shown to the left 
and right of the origin, respectively; dips with 
east and west components are plotted above 
and below the origin, respectively. Equal linear 
distances along each axis represent equal angu- 
lar increments of strike and dip. 

A rectangular grid system is superimposed 
on the diagram, with grid lines oriented paral- 
lel to the axes. The spacing of the grid lines 
depends on the number of points plotted and 
on the desired resolution of the pattern (II, 4). 
These lines intersect to form equal squares or 
grid cells over the extent of the diagram. 

An easily manipulated table of numerical 
values becomes available when the points in 
each grid cell are added, and the sums are 
entered in the corresponding cells in an identi- 
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cal grid. The addition of numbers in ranks, i.e-. 
parallel to the abscissa, yields a frequency dis, 
tribution of dips; the addition of numbers in 
columns, i.¢., parallel to the ordinate, yields 
a frequency distribution of strikes (Fig. 5). 

In the diagrams, points falling on grid lines 
have been arbitrarily assigned to the adjoining 
squares according to the following rules: (1) 
If the point lies on a grid line parallel to the 
abscissa, it is added to the square below; (2) 
if on a grid line parallel to the ordinate, it is 
added to the square to the right; (3) it is added 
to the square below and to the right if it lies 
on the intersection of two grid lines (“Right- 
below” rule). 

Because the borders of the diagram do not 
really represent discontinuities, fractures with 
either east-west strike or horizontal dip require 
special consideration. 

In addition, fractures with east-west strike 
are not covered by the previously outlined 
rules of plotting, since their dips do not have 
east or west components. If north dips were 
assigned to the upper half of the ordinate, and 
south dips to the lower, or vice versa, faulty 
groupings would result. Consider the result 
when the former arrangement is used, and 
assume three fractures, k, 1, and m, with 
orientations as follows: 


Strike Dip 
N.87°E. 50°N.W. 
E.-W. SO°N. 
m N.87°W. 50°N.E. 


Although these three orientations are sim- 
ilar, & and m fall in widely separated squares. 
The position of / is indefinite until the method 
proposed in the next paragraph is applied; then 
only does it fall close to the others. 

If r joints dip north p degrees, then plot r/2 
points at N.89°W., p degrees E., and r/2 points 
at N.89°E., p degrees W.; if s joints dip S. q 
degrees, then plot s/2 points at N.89°W., q 
degrees W., and s/2 points at N.89°E., q de- 
grees E. Half of the vertical joints are plotted 
at N.89°W., 90°, and the other half at N.89°E., 
90°. 

The reason for this procedure is that frac- 
tures which strike east-west and dip north are 
intermediate between fractures which strike 
northwest and dip northeast, and those which 
strike northeast and dip northwest; east-west 
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striking fractures which dip south are inter- 
mediate between fractures which strike north- 
east and dip southeast and those which strike 
northwest and dip southwest. Thus, points 
near either side border, and diagonally opposite 
points near the other side border, represent 
planes which are almost parallel (Fig. 5, Points 
B, B’). 

Although no horizontal fractures were en- 
countered in this work, the method of handling 
such data may be properly considered here, 

All points on the upper and lower borders 
represent the same plane (horizontal), and all 
points near the upper and lower borders 
represent similarly oriented planes (Fig. 5, 
Points A and A’). 

Since horizontal planes have no strike, the 
points representing them must be distributed 
in some arbitrary manner. If the number of 
such planes in a locality be equal to , then k 
points, such that k = /2r, are plotted in each 
of the 2r squares bordering the 0° dip lines at 
the top and bottom of the diagram. Thus, no 
strike value is favored over any other strike 
value, and the dip values are little disturbed. 

In the plotting of vectors instead of planes, 
north- and south-plunging vectors present a 
problem comparable to that of east-west strik- 
ing planes, and vertical vectors require the 
same treatment as horizontal planes. 

To evaluate graphically the co-ordinates of 
clusters of points, a system of smoothed con- 
touring is used in which a unit square, say 
t* X #, is passed over the entire area of the 
diagram in steps of #¢/2 measured parallel to 
the axes (Fig. 5). Moving squares which run 
off the edge of the diagram so that only half 
the square falls within the graph proper are 
treated similarly to points with east-west strike 
co-ordinate or zero dip co-ordinate, as the case 
may be, except that instead of splitting points 
as above the counting boxes are split. 

The number of points in each position of the 
moving square is plotted at the center of the 
square, and contours are drawn on the basis 
of these numbers. The third dimension indica- 
ted by the contours represents frequency. 

Interpretation of contour patterns —Several 
types of deformation may produce distinctive 
contour patterns. 

Consider a horizontal slab of material 
warped cylindrically so that the axis of the 
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cylinder is horizontal and strikes northwest 
(Fig. 6, 1a). 


do not represent unique situations and are not 
prima facie evidence of the particular areal pat- 


Ficure 6.—INTERPRETATION OF CONTOURED DIAGRAMS 


The resulting two sets of tension fractures 
(Fig. 6, 1a), when plotted on rectangular co- 
ordinates, yields the contour pattern of Figure 
6, 1b. 

Pairs of vertical conjugate shear fractures, 
arranged radially about a center in a horizontal 
plane (Fig. 6, 2a), produce the pattern of 
Figure 6, 2b. 

Figure 6, 3b depicts the distribution of 
points brought about by the presence of two 
sets of vertical conjugate shears such as shown 
in Figure 6, 3a. 

The point diagrams of Figure 6, 1b, 2b, 3b 


tern shown with each (Fig. 6, 1a, 2a, 3a). Thus, 
the pattern produced by the radial fractures of 
Figure 6, 2a could be produced by other planes 
which dip vertically and strike in directions dis- 
tributed evenly around the compass circle, with 
the spatial arrangement of the fractures 
allowed to vary in any manner desired. The 
plotting of clusters for all localities in one area, 
or for a number of areas combined, involves 
so many possibilities of space arrangement that 
the likelihood of useful interpretation is small 
(IIT, 1). 

If the contours in any diagram yield a “pla- 
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teau-like” picture, the investigator should refer 
to his primary data to see if he has mixed 
readings from two strata with only slightly 
similar fracture patterns (II, 2). This precau- 
tion will eliminate the “blending” of two or 
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work fairly well unless the curve is badly 
skewed or bimodal. 

The graphically determined mode is easily 
estimated and sufficiently precise for the pur- 
poses of this paper, at least for the dip dis- 


go° °° 


CuRVE AT 


three peaks which are close enough so that 
their “foothills” overlap. 

Strike and dip frequency distributions —Sepa- 
rate frequency distributions have been derived 
for each locality (Figs. 11-13). They are used 
for graphical interpretation only. 

The two ends of each principal axis of the 
rectangular co-ordinate diagram represent but 
one point, since the angular range from one 
end of an axis to the other end is 180°. In 
effect, then, the separate distribution of each 
variable, i.e., dip or strike, is drawn on a cyl- 
inder with the frequency axis parallel to the 
axis of the cylinder. For depiction on a flat 
surface, the distribution cylinders for dip and 
strike are “cut,” one on the 0° dip line, and the 
other on the east-west strike line, and each is 
then “unroll 

The class width in these distributions is 
equal to 180°/k,? where k equals the number 
of grid squares in each 

The conventional treatment of these distri- 
butions as simple frequency curves may lead 
to spurious results. Figure 7 shows that the 
value of the mean depends, in part, on where 
the abscissa has been “cut.” To compute arith- 
metic means and other statistical measures, 
Krumbein (1939) suggests that the modal 
value be used to “center” the distribution with 

respect to its abscissa. This adjustment should 


tributions (IV); the strike distributions, most 
of which show much dispersion and usually 
have more than one mode, must be examined 
in their entirety. Strike distributions of this 
type have been used by Pia (1924), Teichert 
(1927), Kaufmann (1931), Stehmann (1934), 
and others. 

The writer is planning a separate study of 
these distributions based on the methods pro- 
posed by Krumbein (1939). Structural proc- 
esses inferred from this approach will be 
compared with those deduced from the present 
three-dimenional analysis. 

Rectangular co-ordinates and the Schmidt 
equal-area net: their properties compared.—The 
introduction of the rectangular system of plot- 
ting points calls for a comparison with the use 


' of the familiar Schmidt equal-area net. Figure 


8 provides a graphical comparison of the two 
methods of plotting; the same body of data 
(Area I, No. 1) is used in each. 

(1) The equal-area net is a device for graph- 
ical representation, while the rectangular co- 
ordinates, besides being graphical, provide easy 
computation. If separate frequency distribu- 
tions for dip and strike were to be secured 
from the Schmidt net, the summing of ranks 
and columns, respectively, or a comparable 
numerical operation would have to be per- 
formed anyway. 
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SCHMIDT 
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(Pole points) 


Data of Area !, Locolity (N=184,K=36) 


REC TANGULAR 
COORDINATES 
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TUN/K) 
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Ficure 8.—ComParRIsoN OF METHODS OF PLOTTING 


(2) On the rectangular diagram, equal 
increments of angle, whether of strike or dip, 
are represented by equal linear increments 
parallel to the axes, no matter where plotted. 
Equal increments of angle on the equal-area 
net are represented by distances which vary 
according to a trigonometric function. 

(3) Inspection of the rectangular grid for 
critical values (II, 5) is very simple owing to 
the equal size of the squares and their arrange- 
ment in rows and columns. Similarly, points 


are plotted with greater rapidity, and the 
co-ordinates of clusters are more quickly 
evaluated than in the Schmidt net. 

(4) A rectangular grid is readily constructed 
on any standard rectangular co-ordinate paper, 
or with scale and triangle on blank paper. The 
equal-area net must be reproduced from pre- 
viously drafted forms, or may be constructed 
only with some difficulty. 

(5) The equal-area net is familiar to most 
geologists, while the rectangular system is not. 
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(6) The rectangular co-ordinate diagram 
sacrifices the great advantage of the Schmidt 
net, i.¢., that of immediately conveying true 
space relationships and compass directions.” 


TABLE 1.—PROPERTIES OF GRID SQUARES OF 
DIFFERENT SIZES 


” k r m N 
60 30 11.1 5t 45 
45 16 22.5 6.25 | 5f 80 
30 36 15 2.8 5t 180 
20 81 10 1.24 | 5t 405 


t = length of one side of the counting square, in 
degrees. 

k = number of grid squares per diagram. 

r = distance in degrees between the centers of 
adjacent, overlapping squares, measured 
parallel to the axes, (=t/2) 

a = percentage of the total area of the diagram 
which is contained in one grid square. 
(=100/k) 

m = minimum expected number of points for each 
square. 
N = the total number of points required for the 
diagram. (=km) 
* These dimensions give an integral number of 
equal squares, all of convenient size. 
4. 


However, when one becomes accustomed to the 
rectangular system, interpretation is rapid and 
simple. 

(7) In both methods, points falling along the 
outer edge of the graph or projection must be 
distributed arbitrarily. The rectangular system 
as here used requires two ways of splitting, 
one for zero dips and the other for east-west 
strikes; the equal-area net requires only one 
type of splitting. 

Size of the grid squares——The size of the 
squares to be used plays an important part 


? Also, an isotropic distribution of points on 
rectangular co-ordinates does not have the same 
meaning as an isotropic distribution on the Schmidt 
net. In this study, however, the same statistical 
test, when applied to identical] data plotted in both 
systems, yields virtually identical results (II, 5). 
Whether or not the application of either system is 
inherently more valid than the other, at least as 
regards structural planes, is a problem to be solved 
by geological considerations beyond the scope of this 
paper; isotropism, per se, can be defined in an 
infin ity Vid: 


in the design of the rectangular co-ordinate 
diagram. The size of the grid square selected 
depends chiefly on the desired “resolution” of 
the contour diagram. 

In addition, if the investigator establishes a 
minimum expected number of points for each 
square (II, 4 and 5), then the size of the 
squares, which determines k—#.e., the number 
of squares—will also fix the minimum number 
of readings per diagram. 

Table 1 shows the relationship between the 
various factors. 

Thus the total data required increases more 
rapidly for a given change in the side of the 
counting square when it is small than when 
it is large. Furthermore, the area of the square 
decreases asymptotically with a decrease in the 
side of the square, little change taking place 
below ¢=30°. 

The 45-degree and 30-degree squares appear 
to be the most useful for the present study. 
Of course, increasing the number of squares is 
analogous to increasing the resolution of an 
optical system. Thus, features not visible at 
low power, 1.e., with smaller number of boxes 
per diagram, might show up at higher power. 
When the writer applied the 16-square grid to 
the first 80 points of Area I, No. 1, two distinct 
maxima were visible (Fig. 9, d); when a 36- 
square grid was applied to 184 points from the 
same locality, including the first 80 mentioned, 
an additional “high” appeared (Fig. 9, f). This 
raised the question of whether the appearance 
of the third maximunr was due to the use of 
a finer grid, or simply to the increased number 
of observations (II, 4). When the “higher- 
power” 36-square grid was applied to the orig- 
inal 80 points only, the third maximum showed 
up clearly also (Fig. 9, e). The same technique 
has been applied to the data of Area I, No. 9, 
which is in crystalline rocks, while Area I, No. 
1, is in sedimentary rocks; similar results were 
obtained. (See lower half of Fig. 9; d, e, f.) 

The writer then applied 36-square grids to 
the higher concentration areas of all 16-square 
diagrams; a 16-square grid was similarly 
applied to the one 9-square diagram (Area I, 
No. 8). (The diagrams using the 36-square grid 
in the original form were not examined with 
an 81-square system.) In performing this 
operation, not only were additional maxima 
sought, but the co-ordinates of the recognized 
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“high” were re-evaluated; thus one might “‘see” 
the maxima in slightly different positions due 
to the increased resolution. Of some 70-odd 
maxima so checked, over half had no change 
in co-ordinates; the remainder, with the excep- 
tion of three, had corrections no greater than 
5° in either strike or dip. Of the three larger 
corrections, all could have been made by using 
the 16-square diagram, with the unit square 
moving in jumps equal to } of one side. No 
additional maxima were detected other than 
that in the first diagram (Fig. 9) discussed. 

In Figure 8, where k=36 and the area of 
the counting square equals 2.8 per cent of the 
total area of the diagram, the maxima agree 
very closely with those determined by the 1 
per cent circle on the Schmidt net. 

In several localities where two highs of 
nearly the same value are present, the applica- 
tion of “higher-power” examination resulted in 
the switching of the relative heights of peaks 
(Area III, No. 10). However, these “heights” 
are still so close in magnitude after switching 
that this aspect of the “higher-power” grid 
system appears to be unimportant. 

Miiller (1933) discusses the effect of varying 
the size of the moving circle in an analogous 
discussion of the Schmidt net. 


4.—Number of Observations Required 
at Each Locality 


In this problem, as in others involving quan- 
titative information, the question arises, “How 
many data should one collect?” There is no 
clear-cut answer. 

Probably the best single method of determi- 
ning the minimum number of observations 
required is to utilize one’s own experience in 
the particular field being studied, and that of 
others in comparable fields. 

Mathematical statistics offers no magic for- 
mula which establishes one minimum amount 
of data in the study of the size of a flora, 
another for the shot patterns of artillery pieces, 
and still another for the analysis of rock frac- 
tures. The methods of mathematical statistics 
do, however, enter into these considerations, 
since the statistical test to be applied may re- 
quire some minimum amount of data below 
which the sensitivity of the test would be 
insufficient, or below which the approximations 


used in deriving the test might not hold. The 
choice of which statistical tests are to be used 
depends on the questions which are to be put 
to the body of data, and the amount of labor 
necessary to apply the method. 

There is no maximum number of observa- 
tions one should make other than that dictated 
by convenience and by the fact that more data 
increase sensitivity to smaller-order changes. 
The investigator should be aware, however, 
that the error of the mean of a sample varies 
inversely with the square root of the number 
of items in the sample (Hoel, 1947) and there- 
fore, as this number increases beyond, say 30, 
the additional precision gained is small com- 
pared to that obtained when a similar increase 
is made with fewer items. 

Many workers have discussed rock fractures; 
those who have done quantitative work have, 
in general, not stated why they used the number 
of observations listed. 

Miller (1933) has considered the problem of 
deciding upon the number of observations to 
be made at each locality. He mentions the 
work of Stiny (1925), who advocated 80-100 
observations, and Vélker (1927), who used 
300-600 observations per locality. Méiiller 
arrives at the figure of 200 observations but 
states that one needs more data in areas of 
unknown character and fewer data where con- 
ditions are known. 

In the writer’s previous unpublished study 
(Pincus, 1948) of prominent fractures in the 
Poundridge (N. Y.) granite and gneiss it be- 
came quite evident that, when data for one 
area were plotted, very little change in pattern 
was observed after the first 60 points were 
entered on the diagram. This observation led 
him, in the earlier study, to delay plotting the 
points until the field work had been completed, 
for he feared that this early clustering might 
be the result of an unconscious selection of 
surfaces oriented similarly to the most fre- 
quently occurring fractures previously meas- 
ured. 

In the present study, it was decided to col- 
lect data in increments of 20 within one locality 
for each of the two chief rock types—i.e., dol- 
omitic limestones and gneisses—much in the 
manner of a sequence of motion picture frames, 
until the point pattern no longer changed in 
configuration. The danger of unconscious 
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AREA-I, LOCALITY-I 
’ Keo 


Ficure 9.—Errect oF THE ADDITION OF SUCCESSIVE INCREMENTS OF FRACTURE-ORIENTATION DATA 


selection was virtually eliminated by the 
method of measuring all joints above the mini- 
mum size on an exposure (II, 2). 

The changes brought about by the addition 
of successive increments of data are illustrated 
in Figure 9. Apart from the effect of changing 
the size of the grid squares, the general pattern 


is well established with the first 60 points 
plotted, and the remaining important details 
show up after 80 points have been plotted. 
Also, the pattern for the sedimentary rocks 
appears to be stabilized with fewer points than 
does the pattern for the gneisses. 

While a graphic analysis of this method is 
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presented only for the first large locality en- 
countered for each rock type, the principle was 
applied to several localities and was kept in 
mind throughout the period of measurement. 
No great departures were observed from the 
eflects seen in these first plots, except that the 
point diagrams of some localities appeared to 
reach their final configurations when fewer 
than 60 points had been plotted. 

To provide a margin of safety, a minimum 
of 80 points per locality were collected, 
wherever possible. 

The total number of joints measured is no 
indication of the adequacy of the amount of 
data collected; the areal distribution of the 
readings must always be considered. Several 
thousand arbitrarily selected fracture orienta- 
tions collected in small numbers at each of 
many scattered exposures would have a con- 
siderably different meaning from an equivalent 
number collected according to the principles 
outlined in this paper—i.e., standardized 
lecting at critically situated and carefully out- 
lined localities, with an empirically derived 
minimum number of readings per locality. 

Since the number of grid squares used most 
frequently for imitial examination is 16, and 
the minimum data level is 80 points per local- 
ity, the number of points which would fall into 
each square, if all points were evenly distribu- 
ted over a diagram, is 80/16, or 5. (=m). This 
figure, which is the “minimum expected 
value”, has been used for all diagrams, regard- 
less of the number of grid squares. 

In poorly foliated Precambrian rocks, the 
minimum amount of data per locality was set 
at 100 for the 16 square grid. These additional 
data (i.e., > 80) were collected to compensate 
for data lost by deletion, owing to later in- 
formation showing that some “fractures” are, 
in fact, foliation planes. 


5.—Statistical Analysis of the Data on 
Point Diagrams 
Assuming that all points (NV) on a rectan- 
gular diagram are evenly distributed (i.c., 
isotropic) throughout its extent, and a grid 
system of k equal squares is applied, then the 
expected number of points in any one square 
is N/k. To derive some value A, such that the 


presence of A or more points in any one box 
indicates that the assumption of even distribu- 
tion (isotropism) is so unlikely as to warrant 
rejection (A-test), the Poisson Exponential 
Binomial Limit is employed; its use for this 
purpose is as an approximation which is easily 
evaluated, and which is adequate for the 
present requirements. This function is ex- 
plained in most elementary statistical texts 

(Fisher, 1948). 

Let P, = the probability that a particular 

box will have A or more points. 
1—P, = the probability that a particular 
box will not have A or more 
_ points. 

(1—P.,)* = the probability that independent 
boxes will not have A or more 
points. 

If 1 per cent be taken as the arbitrary level 
of probability that at least one cell will have 
A or more points—4.¢., in random sampling of 
an evenly distributed population—the chance 
of getting A or more points in any one box 
is one in 100, then 

.01 = 1—the probability that no box will have 
A or more points, 
and .01 = 1—(1— P,)*. 

In this problem the boxes are not indepen- 
dent, as assumed above: if one box has many 
points there are fewer left for the other boxes. 
This will tend to reduce the probability de- 
sired, but the resulting error in the value of A 
will be one of increase and is therefore on the 
safe side. 

Knowing k for any diagram, P, is evaluated. 
Referring to tables of the Poisson function 
(Molina, 1947) in which P, is evaluated from 
the equation 


in which x = the number of points falling 
in any one box. A may then be evaluated,. 
since V/k is known. 

When P, falls between two probability 
figures in the tables, the higher value of A is 
taken. Thus the probability of a Type I error 
(or level of significance) is less than or equal 
to .01, z.e., the probability that any cluster of 
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points is designated as such when it does not 
really exist is less than or equal to .013 

In this study, all diagrams show significant 
departure from uniformity of distribution 
(isotropism)—+.¢., the A values are reached or 
exceeded in every case. A fixed grid has been 
used for the test of significance, but moving 
squares supply the numbers for drawing the 
actual A contours, which surround the centers 
of all squares containing A or more points 
(Figs. 11, 12, 13). 

At this point, devotees of the Schmidt net 
might argue that isotropism on rectangular co- 
ordinates is not equivalent to isotropism on 
the reference sphere, and therefore that all con- 
clusions based on this initial condition are 
invalid. The first part of the statement is 
correct, but the conclusion is incorrect, for 
isotropism is a defined condition, and the con- 
clusions reached in this internally consistent 
system are valid as long as the intervening 
steps in reasoning are legitimate. The writer 
concedes that isotropism on rectangular co- 
ordinates, as applied to rock fractures, may 
be shown to be empirically without basis, but 
this possibility exists also for isotropism on the 
Schmidt net, or for any other definition of 
isotropism. (We still do not know how rocks 
break.) Therefore, isotropism in terms of dip 
and strike on rectangular co-ordinates is not 
incorrect; in fact, it has much in its favor in 
terms of ease of statistical operations and re- 


3 The A-test is somewhat similar in principle to 
Winchell’s (1937) tests. He defines an isotropic 
model, and the observed data are then tested to 
determine the probability that they have been 
drawn from the isotropic parent population. The 
method outlined in the preceding paragraphs (A- 
test) attacks the same problem in a somewhat 
different sequence of steps, for here the comparable 
probability is assigned a fixed value, and from this 
the value of A is derived, such that the occurrence 
of A or more points in any one square indicates that 
the parent population of the observed distribution 
does not conform to isotropism, as defined. 

Furthermore, both of Winchell’s tests (s.e., zone 
and general) use the chi-square test, which means 
that the number of points actually falling in each 
square or zone is compared with a theoretical value. 
This is a tedious operation (Pincus, 1948), and the 
test is ibly too sensitive (Chayes, 1949). 

The A-test is quite easily applied, especially if 
the values of & and P, are repeated for a number of 
tests. In contrast with chi-square comparisons, the 
A-test does mot consider each unit area of the dia- 
gram, but rather it tests the general distribution of 
points over the area of the diagram, such that the 
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lated thought processes, especially when one 
has become accustomed to its properties. 

As an experiment in method, the writer has 
applied the A-test to the clusters plotted on 
the Schmidt net; unit counting circles were 
chosen such that their areas are in the same 
proportion to the total area of the Schmidt 
net as the areas of the unit squares are to the 


total area of the rectangular co-ordinate dia- 


gram.‘ 


The tests are identical, except for the type of 
plot. For each of the 33 localities, the A-test 
applied to the Schmidt net shows significant 
departures from isotropism; further, high-point 
densities on the Schmidt net occur in positions 
corresponding to those of the clusters on the 
rectangular co-ordinate diagram. (Figure 8 
shows this similarity of position, even where a 
1 per cent counting circle is used.) This result 
does not warrant the conclusion that both 
methods are, after all, identical, for the high- 
point densities within clusters cause the close 
correspondence; large discrepancies might result 
from more dispersed data. The rectangular 
co-ordinate system is used, wherever applicable, 
throughout the remainder of this paper. 

Once significant departure from the defined 
isotropism has been established, it is helpful 
to outline the borders of clusters (Fig. 10) in 
order to facilitate the evaluation of co-ordinates 
and the interpretation of contour patterns 
(II, 3). To this end, the following method is 
used: 


occurrence of A or more points any place on the 
diagram warrants rejection of the isotropic parent 
population, as defined, no matter how the N-A points 
outside the critical unit area are distributed. Ob- 
viously, the results of each of these tests have 
different meanings; the selection of a test depends 
on the aims of the investigation and the amount of 
data to be processed. 

Both Winchell’s test and the A-test make as- 
sumptions about the distribution of directional ele- 
ments in the parent population; Chayes’ (1949) use 
of the correlation coefficient as a measure of pre- 
ferred orientation neatly avoids this assumption, 
but the writer wonders if one does not think in 
terms of the nature of distributions in parent popu- 
lations in formulating hypotheses and _ theories. 
Chayes’ correlation method indicates, “.. that 
adjacent areas of the grid do or do not generally 
contain similar numbers of points.” 

* For Schmidt net of 10 cm. radius, the following 
equivalences were established: 


Unit Circle Unit Square 

(1) r= 1.67 cm. (1) 30° K 30° (k = 36) 
(2) = 2.5 (2) 45° & 45° (k = 16) 
(3) = 3.33 (3) 60° X 60° (k = 9) 
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For empirical reasons, Ps, the probability 
that a box has B or more points, is arbitrarily 
set equal to .05, and, knowing N/k, the cluster 
border value, B, is evaluated from the tables 


One Lorge Cluster Centered at "C" P 
Two Custers Centered at "A" and "B"?P 


Ficure 10.—PROBLEM OF CLUSTER BORDERS: 
IDENTIFICATION AND EVALUATION 


of the cumulated Poisson function (Molina, 
1947). Thus, once it is known that a cluster 
exists and its border contour has been drawn 
surrounding the centers of all squares contain- 
ing B or more points, the probability, Ps, of 
wrongly including a particular box in the 
cluster is less than or equal to .05.5 

Those clusters containing values of A or 
greater are used not only as indicators of sig- 
nificant departures from isotropism, but also 
as significant “highs,” the co-ordinates of which 
are to be evaluated. The cluster border value, 


5 Since moving squares have been used in drawing 
the B contours, there is some departure from the 
stated probability figure, at least insofar as points 
falling within those contours are concerned. 

The probability of a Type I error is less than the 
stated figure (.05) only if a fixed grid is used. A 
fixed grid with 45 degree squares has 16 indepen- 
dent units; if a 45 degree square is moved in steps of 
224 degrees, there are 64 overlapping positions. 
The chance that one of these 64 squares will contain 
B points is clearly greater than the chance that 
one of the 16 fixed squares will contain B points, 
but less than the chance of a square containing B 
points if there were 4k fixed squares and 4N points. 
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B, aids in evaluating these co-ordinates by indi- 
cating asymmetry with respect to the peak and 
the area bounded by the A contour. The meas- 
ure of central tendency used is the mode (Hoel, 
1947; Arkin and Colton, 1939), which is taken 
off center from the peak according to the degree 
and direction of asymmetry indicated by the 
B contours; this system is analogous to the 
2-dimensional “difference method” (Croxton 
and Cowden, 1940). Co-ordinates are evaluated 
graphically to the nearest 5°. 

The “form” contour determined from the 
cluster border value, B, may be used to aid in 
deciding if two closely spaced highs (of value 
A or greater, and separated by a trough with 
values less than A) are parts of the same cluster 
or are two different clusters (Area I, No. 6). 
A similar problem arises when there are two 
elongated clusters lying end to end. Here, one 
must decide if there are two distinct clusters 
capable of being evaluated by simple sets of 
co-ordinates, or if there is really a belt with one 
co-ordinate value fixed and the other with a 
wide range of values (Area II, No. 2). Such 
decisions, however, are largely subjective; the 
writer has depended upon such factors as the 
shape of form contours, the relative relief be- 
tween peaks and troughs, and the closeness of 
peaks. However, the number of subjective de- 
cisions made here is very few. More refined 
methods of identifying and outlining clusters 
are beyond the scope of this paper. 

Before the writer applied the A-test to the 
data, he studied the diagrams, all of which 
had been contoured in multiples of the expected 
value, and made estimates of which clusters 
were “significant,” and what their co-ordinate 
values should be; later application of the Pois- 
son function and the use of the A and B values 
yielded results very similar to the purely graph- 
ical method. The advantage of using the statis- 


In this study, the discrepancy is of little conse- 
quence, since levels of significance are not involved 
in the B probability figure; as stated above, this 
figure has only empirical justification. Also, sketches 
(not here included) of B contours, based on fixed 
and moving squares for identical sets of data, show 
differences in smoothness rather than differences 
in gross patterns. 

There is no such d ure from the stated level of 
significance for the A values, since, as stated pre- 
viously, fixed squares have been used for the test of 
significance, while the moving squares have been 
used only as a smoothing device. 
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TaBLE 2.—Bzpp1nG, FoLiation, AND MEAN FRACTURE PLANES OF ALL LOCALITIES IN THE 
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“Dip 


Foliation 
Strike Dip 


Mean fracture plane® 
Strike bip 


N 9°W, 20°W 


N 26°E, 20°W 
N 68°E, 12°E 
N 26°E, 65°W 
N 31°E, 50°W 
N 51°E, 70°W 


N 31°E, 40°W 


N 51°E, 60°E 
N 50°E, 60°E 


N 56°E, 50°E 
N 71°E, 89°E 


N 60°W, 81°E 


N 66°E, 70°W 


(1)N 60°W, 75°E 
(2)N 15°E, 80°E 
(3)N 65°E, 75° W 
(1)N 10°W, 80°E 
(2)N 85°E, 90° 
(1)N 10°w, 90° 
(2)N 80°wW, 90° 
(1)E-W, 75°S 
(2)N 10°W, 50°E 
(1)N S°E, 50°E 
(2)N 80°W, 85°W 
(1)N 55°W, 70°W 
(2)N 30°W, 50°E 
(1)N 10°W, 50°E 
(2)N 80°W, 70°W 
(1)N 20°W, 85°E 
(1)N 60°E, 85°E . 
(2)N 25°E, 75°W 
(3)N 10°E, 75°E 
(1)E-W, 80°S 
(1)N 55°W, 70°W 
(2)N 35°E, 70°W 
(3)N 30°E, 45°E 
(1)N 35°w, 90° 
(2)N 80°E, 80°E 
(1)N 20°W, 75°W 
(2)N 75°E, 35°E 


an 


on 


10 


111 


Byram 


Kittatinny 


N 81°E, 25°wW 


N 86°E, 20°E 
N 76°E, 65°E 


N 66°E, 10°E 


N 89°W, 70°W 


N 41°W, 80°E 


N 41°E, 75°W 


N 81°E, 60°E 


N 65°W, 79°W 


(1)N 85°W, 85°W 
(2)N 60°E, 35°W 
(3)N 40°E, 65°E 
(1)N 75°E, 85°E 
(2)N 35°W, 90° 
(1)N 60°E, 70°E 
(2)N 55°W, 75°W 
(3)N 25°E, 80°E 
(1)E-W, 90° 
(2)N 80°W, 75°W 
(1)N 85°W, 85°W 
(1)N-S, 65°W 
(2)N 30°W, 45°E 
(1)N 75°W, 70°E 
(1)N 35°E, 75°E 
(2)N 80°W, 65°W 
(1)N 15°W, 70°E 
(2)N 50°E, 65°E 
(1)N 70°W, 80°W 
(2)N 40°E, 70°E 
(3)N 65°E, 85°E 


| 
Locali No. of jn 
1 184 Kittatinny - 
2 100 Kittatinny 
3 80 | Kittatinny 
x + 82 Kittatinny 
5 93 Kittatinny 
6 180 Kittatinny 
7 108 Hardyston 
9 188 Byram 
10 | 155 | Byram 
il 102 Byram 
m | 110 | Byram 
80 | Byram 
Area II 
2 131 
3 90 
ry 4 98 Byram 
90 Kittatinny 
wa 
80 Hardyston 
9 90 Byram 
104 


TaBLE 2—Continued 
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\readines Formation Strike “Dip 
1 85 Green Pond N 11°E, 30°E (1)N 80°E, 80°W 
(2)N 25°W, 65°W 
2 80 Green Pond N 59°W, 25°E (1)N 65°E, 65°E 
(2)N 10°W, 90° 
3 85 Green Pond N 84°W, 40°E (1)N 75°E, 60°E 
(2)N 10°E, 70°E 
4 102 Losee N 56°E, 80°E (1)N 45°W, 65°W 
(2)N 30°E, 70°E 
§ 100 Green Pond N 13°E, 40°E (1)N 75°E, 70°W 
(2)N 10°W, 65°W 
6 88 Losee N 41°E, 80°E (1)N 70°W, 60°W 
(2)N 60°W, 45°E 
7 80 Green Pond N 89°W, 35°E (1)N 70°E, 65°E 
(2)N-S, 70°E 
8 85 Byram N 51°E, 80°E (1)N 50°W, 65°W 
9 81 Green Pond N 89°W, 35°E (1)N-S, 80°E 
(2)N 85°W, 55°W 
10 80 Byram N 46°E, 80°E (1)N 70°W, 40°E 
(2)N 70°W, 55°W 


tical method is that a definite statement con- 
cerning probabilities can be made, and any 
two people using this system on one body of 
data should arrive at virtually identical results. 
Furthermore, the A and B contours provide 
standardized distribution pictures that can be 
directly used in comparing data from different 
localities (III, 6). 

The contour diagrams and the associated 
strike and dip frequency distributions appear 
in figures 11, 12, and 13. Peak values, not to 
be confused with the final values of co-ordinates 
used to describe the clusters, are indicated on 
the diagrams with an “X’’; cluster co-ordinates 
are listed in Table 2. 

The cluster co-ordinates define the attitude 
in space of a plane which is used as a summary, 
descriptive figure; this plane is hereafter re- 
ferred to as the “mean fracture plane” of a 
given cluster of points. 

The attitude in space and the areal relations 
of bedding, foliation, and mean fracture planes 
are depicted in Figures 14, 15, and 16, which 
are overlays of the maps of Figures 2, 3, and 4, 
respectively. The method of depiction is that 
of the stereographic projection (Bucher, 1944); 


* Mean fracture planes ranked according to the “height” of the maxima on the point diagrams. 


face poles on the upper hemisphere are used. 
Instead of using points, the various planes are 
distinguished as follows: 

B—Bedding; F—Foliation; 

1, 2, 3—Mean fracture planes, the number 
indicating relative heights of max- 
ima in each corresponding point dia- 
gram. 


ITI—ANALYSIS OF THE MEAN FRACTURE 
PLANES 


1.—Overall Aspects of the Mean Fracture Planes 


The mean fracture planes for each locality 
are plotted as points on the rectangular co- 
ordinate diagram (Fig. 17). The data for all 
three areas have been plotted on one set of 
axes. 

In interpreting this diagram, one must re- 
member that the co-ordinates of each point are 
average values of distributions subject to a 
higher order of dispersion than points repre- 
senting individual fracture planes. Also, the 
degree of dispersion of one cluster of primary 
data may be fairly high, 7.e., it may appear as 
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Ficure 11.—RECTANGULAR CO-ORDINATE DIAGRAMS WITH “A” AND “B” CONTOURS, AND THE 
ASSOCIATED STRIKE AND Dip FREQUENCY DisTRIBUTIONS—AREA I 
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FicurE 12.—RECTANGULAR Co-oRDINATE DiaGRaMs witH “A” aND “B” ConTOURS, AND THE 
ASSOCIATED STRIKE AND Dip FREQUENCY DisTRIBUTIONS—AREA II 
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Ficure 13.—RECTANGULAR CO-ORDINATE DIAGRAMS wiTH “A” AND “B” CONTOURS, AND THE 
ASSOCIATED STRIKE AND Dip FREQUENCY DisTRIBUTIONS—AREA III 
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Ficure 14.—Overtay oF Ficure 2: Beppinc, AND MEAN Fracture PLanes—Area I 


a gentle high on the locality point diagram, 
while the dispersion of another cluster may be 
small, i.e., it may appear as a sharp peak on the 
locality diagram (Area I, No. 6). Yet, both such 
clusters are represented as single points in 
this composite diagram. 

In addition, the structural positions of local- 
ities have not been selected at random (II, 1). 
For instance, two or more localities are recorded 
on one limb of a fold (e.g., Area III) because 
those are the positions for which data were 
desired. Thus, if the same orientation pattern 
should exist at the similarly situated localities, 
it is counted several times in compiling the 
overall picture. 

In view of these considerations, the writer 


has chosen to examine the overall diagram 
merely for the tendency to cluster in, say, one 
quadrant, for either or both rock types, or 
for the tendency to cluster in bands. The 
application of the Poisson test to this diagram 
does show a significant departure from uni- 
formity of point distribution. 

Although only the diagram for all three areas 
is presented here, the writer has examined 
similar separate plots for each area; the pat- 
terns for Areas I and II closely resemble the 
combined diagram, the points showing a rough 
banding parallel to and lying symmetrically 
about the abscissa. These relations obtain for 
both rock types. Area III shows the same 
banding as the other two areas, if both rock 
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Figure 15.—Overtay or Ficure 3: BEDDING, 
FOLIATION, AND MEAN FRACTURE 
PLaNes—AREA IT 


types are considered together. However, frac- 
ture groups in the crystalline rocks cluster 
within the range of strikes from N.35°W. to 
N.70°W., while no Paleozoic fracture groups 
lie within this range. The clustering of the 
crystalline data is undoubtedly due to the fact 
that all but one of the crystalline localities lie 
in structurally similar positions, i.e., west of 
the axis of the anticline expressed in the over- 
lying conglomerate. ; 

The tendency toward steep dips is apparent 


in all these data. The fact that the strike values 
show no marked central tendency is not sur. 
prising if one recalls that the bearings of the 
structural trends in the Paleozoic rocks assume 
a wide range of values (Table 2). 

The banding of the overall fracture data 
(Fig. 17), as compared with the more circular 
highs of the individual localities (Figs. 11, 12, 
13) demonstrates that as the area under scru- 
tiny increases, the possibility of useful inter- 
pretation decreases. When such addition has 
been performed, the circular clusters of the 
localities blend into a continuous band along 
the abscissa; such banding could be produced 
by many combinations of clusters. 

It is somewhat surprising that the orienta- 
tions of the foliations in the Precambrian rocks 
show a rough similarity in all three areas 
(Fig. 17), while the fracture orientations do 
not. This large-scale view appears to indicate 
that, if the foliations were produced or oriented 
by stress, this stress was not identical with 
that which produced the fractures in the 
gneisses. Whether or not either of these hypo- 
thetical stresses bears any relation to those 
which produced folding and fracturing in the 
overlying sedimentary rocks is considered in 
other sections (III, 6, 4, 9). 


2.—Number of Clusters at Each Locality 


The fact that each rectangular co-ordinate 
diagram studied shows a significant departure 
from isotropism has been established (II, 5). 
The manner in which this departure takes 
place may be investigated along several lines 
(III, 3, 5, 6); one method of approach is to 
study the number of clusters, i.e., the number 
of point concentrations with peak value greater 
than A. 

The most frequent number of clusters at 
each locality is two, regardless of rock type 
(Fig. 18). The next most frequent, but con- 
siderably smaller number of clusters, is three. 
The Precambrian rocks have a higher propor- 
tion of localities with one and three clusters 
than do the Paleozoic localities; the proportion 
of Precambrian localities with three clusters 
is more than double those with one cluster. 
This tendency toward a higher number of sets 
of fractures in the more deformed rocks is 
familiar to the field geologist; both Van Hise 
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If, on the other hand, the fractures in the 


ce values (1896) and King (1948) have observed the 

not sur. same phenomenon. The simplest explanation Precambrian rocks were the direct result of 

Ss of the is that the Precambrian rocks have been sub- the deformation which produced fracturing in 

S assume ject to both the Paleozoic and earlier defor- the Paleozoic rocks, then some simple geo- 

mations. metric relationship between the fractures in 
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i, & Ficure 16.—OvERLAY OF FIGURE 4: BEDDING, FOLIATION, AND MEAN FRACTURE PLANES—AREA III 
takes 

1 lines However, the number of fracture sets in the both rock types should exist, even if the angle 
| is to Precambrian rocks equals, in most instances, of fracture varies with the nature of the mate- 
umber the number of fracture sets in the Paleozoic rial involved. This statement is based on the 
reater rocks (i.¢., two). If the fractures in the crystal- assumption that the materials of each rock 

line rocks are assumed to be the result of pre- type were structurally homogeneous just pre- 

ers at Paleozoic deformation, then the deformation vious to fracturing, and that the boundary 
type which produced the fractures in the Paleozoic between the two materials exerted no modifying 
| con- rocks did not, in general, introduce more sets influence on the distribution of stresses. The 
three. into the Precambrian than already existed. The _ possibility that such a geometric relationship 
ropor- prominence of slickensiding on the Precambrian _ exists is investigated (III, 6). 

usters fracture surfaces compared with its relative 

ortion absence on the surfaces in the overlying sedi-' 3 Frequency Values of Maxima on the Point 
usters mentary rocks is consistent with this hypothe- Diagrams 

uster. sis; thus, probably the later (Paleozoic) defor- 

f sets mation resulted in movement along pre-existing Another method of investigating the manner 
ks is fracture surfaces, in place of additional rup- in which the point diagrams depart from uni- 
Hise turing. formity is to study the “heights,” or frequency 
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values, of the maxima of the point diagrams. 
For ease of comparison, the “heights” are 
taken as the ratio of the absolute frequency 
value, i.e., the locally largest number of points 
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Ficure 18.—NuMBER or Ciusters aT fj 
Eacu LOcALItTy 


tallied with the counting square, to the ex- 
pected value (N//k). Only the first- and second- 
ranking highs for each diagram are here con- 
sidered, since third-ranking highs are few in 
number (III, 2) and are of much lower fre- 
quency value than either of the other two 
maxima. 

When placed in the form of two frequency 
distributions, one for the Precambrian and the 
other for the Paleozoic, the heights ratios for 
both the first- and second-ranking maxima 
have larger modal values in the Paleozoic 
rocks (Fig. 19). For example, the mid-point of 
the model class of the first-ranking high is 5.5 
for the Paleozoic rocks, and only 4.5 for the 
Precambrian. If the modal values were ad- 
justed for skewness, the contrast would be 
somewhat greater (Croxton and Cowden, 1940). 
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In the case of the second-ranking maxima, the 


mid-points of the modal classes of the two 
rock types are equal; however, adjustment for 
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Ficure 19.—FREQUENCY VALUES OF MAXIMA ON 
THE CONTOURED Pornt DIAGRAMS 


skewness of the distributions yields a slight 
difference in modal value which is in the same 
direction as that for the first-ranking highs. 
The fact that the Precambrian localities 
have a higher proportion of three fracture sets 
(III, 2) is not the principal reason for having 
lower maxima, since Precambrian localities with 
but two sets of fractures also have lower 
maxima than Paleozoic localities with two sets. 
The contrast between the levels of the Pre- 
cambrian and Paleozoic peaks can be explained 
if one assumes that the fractures, actual or 


incipient, in the Precambrian were earlier than 
the deformation which produced the Paleozoic 
fractures. When the later deformation occurred, 
the fractures in the Precambrian were rotated 
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Paleozoic localities (Fig. 19). This contrast 
could be explained by the first assumption, 
since the cluster with the greater density of 
points would, of course, show the effects of 
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differentially with respect to each other, re- 
sulting in the dispersion of orientations which 
had been very nearly equal. 

An alternate assumption is that the Pre- 
cambrian rocks may have fractured originally 
in a more heterogeneous manner than the 
Paleozoic rocks. Reasoning based on this as- 
sumption could then place the fracturing of 
the Precambrian earlier than or contempora- 
neous with the fracturing of the Paleozoic. 

The two highs of any one diagram do not 
rise to the same level, and the difference in 
level between the first- and the second-ranking 
maxima is less in localities of gneiss than in 


Figure 20.—DimepraLt ANGLE BETWEEN MEAN FRACTURE PLANES AND BEDDING AND FOLIATION 


subsequent deformation more than would a 
less dense concentration; therefore, the later 
deformation would reduce the difference in 
the levels of the peaks representing the fracture 
sets, as originally formed. 


4.—Dihedral Angle Between Mean Fracture 
Planes and Bedding or Foliation Planes 
at the Respective Localities 


If central tendency is characteristic of the 
frequency distribution of the dihedral angles 
between mean fracture planes and some struc- 
tural plane, e.g., bedding or foliation, then that 
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angular relationship must have some structural 
significance. The modal value of the dihedral 
angle can then be used as an aid in attempting 
to deduce the genetic significance of the rela- 
tionship. 


TABLE 3.—ANGLE BETWEEN STRIKE OF MEAN 
FRACTURE AND STRIKE OF BEDDING AND 
or Axis oF 


Frequencies of: 
Angle (1) (2) 
value | Angle between strike of | Angle between strike of 
mean fracture plane | mean fracture plane and 
and strike of bedding | bearing of axis of fold 
0-10° 0 1 
11-20 2 3 
21-30 3 4 
31-40 3 
41-50 2 4 
51-60 3 2 
61-70 4 3 
71-80 6 3 
81-90 2 3 
26 26 


The value of the dihedral angle is computed 
by means of the stereographic projection (Bu- 
cher, 1944). The value of the acute dihedral 
angle is recorded. 

Frequency distribution of these angles have 
been prepared for each of the three areas 
studied and for all three areas combined (Fig. 
20). The angles between mean fracture planes 
and bedding planes, and those between mean 
fracture planes and foliation are grouped sep- 
arately. 

All the distributions of the dihedral angles 
between bedding and mean fracture planes 
show a strong tendency to assume the largest 
value possible, 7.e., close to 90°. In other words, 
by far, most of the mean fracture planes stand 
approximately normal to the bedding planes 
in the sedimentary rocks. This justifies the 
inference that the axes of greatest tension® lay 
parallel to the bedding planes. 

Rock fractures at right angles to bedding 


* Tension is used here in the relative sense, i.e., the 
= of least compression are equivalent to axes of 
ension. 


planes have been reported by many workers 
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(Parker, 1942; King, 1948). 

Since one can draw an infinite number of 
planes through a normal to a given plane, the 
question arises whether there are preferred 
directions among the mean fracture planes 
which are almost perpendicular to the bedding. 
Table 3 shows (1) the difference in angle be- 
tween the strike of the mean fracture planes 
and the strike of the bedding at the respective 
cloalities, and (2) the difference in angle be- 
tween the strike of the mean fracture plane 
and the bearing of the axis of the fold in which 
the fractures occur. 

Surprisingly, there is no marked central tend- 
ency in either distribution; thus, the trends of 
the inferred axes of tension bear no systematic 
geometrical relation to the strike of the bedding 
and the trend of the fold axes. 

In contrast to the preponderance of angles 
close to 90° between mean fracture planes and 
bedding, the distribution of the angles made 
with foliation (Fig. 20) shows no such striking 
central tendency. Note, however, that Area 
III does have a distribution with a strong 
mode in the 71°-80° class, that is, in the class 
of second largest magnitude of dihedral angle. 

In the discussion concerning foliation planes, 
it should be noted that the accuracy of meas- 
uring the orientation of foliation planes was, 
in some cases, not so great as in the case of 
fracture surfaces, i.e. 5°, the order of error 
ranging up to 15°, in some instances. The 
foliation of Area III, the area with the best 
central tendency in figure 20, is more accu- 
rately measured than that of the othertwoareas; 
therefore, it might be argued that the lack of 
central tendency in the distributions of Areas 
I and II is due to large errors of measurement 
rather than to an inherent dispersion. However, 
the histograms of figure 20 show so much dis- 
persion (Areas I, II, and Total) that it seems 
difficult to explain the observed spread, even 
if one assumes that the previously mentioned 
order of error (15°) occurs everywhere. 

It is believed, therefore, that the stresses 
which produced the fractures in the gneisses 
were not identical with or even similar to those 
which could have produced or oriented the 
foliation. Furthermore, the foliation, which is 
cut by the fracture planes and is, therefore, 
older, had no appreciable influence on the dis- 
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tribution of stresses which resulted in fracture. 
This same conclusion was reached through the 
overall plot (III, 1), and it is really the same 
approach; but it is pointed out in greater detail 


locality have been prepared for Areas I, IT, and 
III individually, and for all three combined 
(Fig. 21). 

Only the dihedral angle between the mean 
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through the examination of the data from 
individual localities. 

Appleby (1942), in postulating lines of stress 
from the orientations of the bisectors of acute 
dihedral angles between selected fractures in 
the crystalline rocks of the New Jersey High- 
lands, concludes that the joints in the gneisses 
are not related to Precambrian folding. 


5.—Dihedral Angle between Mean Fracture 
Planes at Each Locality 


As a means of examining the behavior of the 
two principal types of material involved, e¢.g., 
unmetamorphosed sedimentary rocks and 
gneisses, frequency distributions of the dihedral 
angle between mean fracture planes at each 


Ficure 21.—D1neprRAL ANGLE BETWEEN MEAN FRACTURE PLANES AT Eacu LOCALITY 


fracture planes that correspond to the first- and 
second-ranking maxima at each locality have 
been computed; third clusters, when they exist, 
are so much less prominent than the other two 
that it would not be proper, for the purposes 
of this study, to group their dihedral angles 
with that produced by the first two clusters. 
In addition, since three dihedral angles exist 
between three planes, while only one exists 
between two planes, localities with three max- 
ima would exert a disproportionately large 
influence on the grouped results. 

The histograms of Figure 21 show that (1) 
by far most of the dihedral angles measure 
between 60° and 90°, and (2) though the fre- 
quency pattern is quite distinctive for each 
area, those of the two rock types show fairly 
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agreement on each histogram. This sug- 
gests that fracture angles are largely independ- 
ent of the nature of the rock. How far this may 
be generally true cannot be determined, of 
course, from these few cases; careful attention 
in future studies is warranted. 


Gneisses 


No. 10 
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data have been treated several ways, but there 
has been no consideration of any aspects of the 
individual patterns as such. These patterns 
will now be compared for localities in struc- 
turally similar positions (Figs. 2, 3, 4, 14, 15, 
16), as follows: 


(1) Localities of the same general age and lithology 
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Sediments 


Area I No. 9 compared with No. 4 compared with 


Nos. 5 and 6 


No. 10 


Area IT No. 7 compared with No. 5 compared with 


No. 6 


No. 10 


Area III No. 8 compared with No. 1 compared with 


No. 5; Nos. 3, 5, and 
7 compared 


Gneisses 


(2) Localities of different general age and lithology 


Sediments 


Area I Nos. 9 and 10 compared with No. 2 


Area IT No. 7 compared with No. 6 
No. 9 compared with No. 5 
No. 10 compared with No. & 


Area III No. 6 compared with No. 7 
No. 10 compared with No. 9 
No. 4 compared with No. 5 


Gneisses 


No. 12 


(3) Localities of the same general age but of different lithology 


Sediments 


Area I No. 11 compared with No. 7 compared with 


Nos. 4, 5, 6 


Area II 


No. 6 compared with 
No. 8 


Nos. 8 and 10 


For determining areal structural relations, 
more is needed than the mere angle of fracture; 
the orientation in space of the fracture planes 
must be considered. These space relations are 
considered in the section which follows (III, 6). 


6.—Comparison of Contour Diagrams of 
Localities in Structurally Similar 
Positions 


The preceding sections (III, 1-5) have been 
concerned with the data derived from the con- 
tour diagrams of the individual localities; these 


Area III No. 6 compared with 


The diagrams of Figures 11, 12, and 13 are 
compared for (1) similarity in position and 
configuration of the “A” and “B” form contours 
and (2) similarity in position of the peaks 
within the “A” contours. These graphic com- 
parisons reveal: 

(1) The contour patterns agree fairly well 
for all but one of the comparisons of localities 
of the same general age and lithology. The one 
conspicuous disagreement applies to Area II, 
Nos. 5 and 6. The dips of the bedding differ 
by 45° (Table 2), while the strikes are essen- 
tially the same. In the other comparisons, dips 
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and strikes are similar. Thus, the attitude of 
the bedding as well as the structural position 
must be considered in such comparisons. 

(2) All but one of the comparisons of crystal- 
line with sedimentary rocks show little or no 
agreement. The one good agreement (Area II, 
No. 8 and No. 10) shows as good correspondence 
of patterns as do comparisons between local- 
ities of the same rock type. 

(3) For comparison of localities of the same 
general age, but of different lithology, not so 
many data are available. In spite of careful 
search, the writer found only two localities in 
the Hardyston quartzite suitable for this type 
of fracture study. The fracture pattern of one 
of these (Area I, No. 7) is no more different 
from that of the corresponding localities of 
dolomitic limestone (Area I, No. 4, 5, and 6) 
than the latter are from each other. The other 
quartzite locality (Area II, No. 8) has as its 
nearest neighbor the one in the dolomites 
(Area II, No. 6) mentioned above as deviating 
from the normal behavior of the dolomite 
fracture patterns. The next nearest usuable 
locality of dolomite (Area IT, No. 5) is almost 
4 miles (Fig. 3) from No. 8; if the pattern of No. 
6 should actually be aberrant, the comparison 
of Nos. 5 and 8 might be accepted as showing 
moderate agreement. But no compelling con- 
clusions can be drawn from such a comparison. 

The comparison of localities in the gneiss 
with somewhat different lithologies yields fairly 
good agreement. In Area I, the contrast between 
No. i1 and No. 12 is one of texture and com- 
position within the Byram gneiss (I, 2); agree- 
ment in fracture pattern (Fig. 11) is fair. In 
Area III, the comparison between No. 6, which 
is in the Losee gneiss, and Nos. 8 and 10 in the 
Byram gives fair agreement with No. 8, at 
least one cluster, and excellent agreement with 
No. 10. 

In summary, therefore, it appears that con- 
trasts in the lithology within the same rock 
type, 1.¢., crystalline or sedimentary, may not 
contribute appreciably to differences in contour 
diagram patterns; contrasts in rock type, on the 
other hand, are accompanied by striking con- 
trasts in the contour diagrams. On the basis of 
these and the results obtained from the analy- 
sis of the angle of fracture (III, 5), it is reason- 
able to infer that the fractures in the crystalline 
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rocks differ from those in the sedimentary 
rocks because of differences in the stresses 
involved, rather than differences in lithology. 


7.—Use of Large Fractures in Reconnaissance 


The question frequently arises whether the 
measurement of large fractures might not be 
sufficient for recognizing the dominant fracture 
orientations of a region, or “Do the orientations 
of a few large fractures tend to assume values 
appreciably closer to the orientations of the 
mean fracture planes of clusters than do the 
orientations of all other joints”? If they do, 
then the measurement of large fractures may be 
an efficient reconnaissance method in structural 
studies. 

In this study, large joints are those that are 
conspicuously iarger than the rest at any given 
locality. 

The orientations of large fractures have been 
plotted on rectangular co-ordinates (Fig. 22) 
for two localities of dolomitic limestone and 
two localities of gneiss (Area I, Nos. 1, 2; 
Area I, Nos. 11, 13) selected from the areas of 
this report. Separate plots have been made 
(Fig. 22) for all other fractures for each locality; 
the number of these smaller fractures in each 
diagram equals the number of large fractures 
plotted. Thus, in Area I, No, 1, 184 fractures 
have been measured, of which 38 are large. 
Of the remaining 146 fractures, every fourth 
reading has been plotted so that 38 points 
appear on the diagram. 

Points representing the mean fracture planes 
of the respective localities are plotted as “X” 
on both sets of diagrams; contours have not 
been used because of the fewer points repre- 
sented. 

The plots of the large fractures do not provide 
a better estimate of the mean fracture planes 
than do the smaller fractures (Fig. 22). In 
fact, there is some indication, e.g., Area I, No. 
1, that the reverse might be true. As long as 
the number of points plotted falls below the es- 
tablished minimum (II, 4), i.e., 80, the estimate 
is not reliable, regardless of the size of the 
surface measured. 

Miiller (1933) indicates that there is no 
known relation between the size of joints and 
their orientation. This is illustrated also in this 
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paper (III, 6), where it is shown that the frac- 
ture pattern of Area I, No. 7, is very much like 
that of Area I, Nos. 4, 5, and 6. The surface 
areas of the fractures in No. 7 are smaller than 
those of the fractures in the other group by a 
factor of 10 or more. 

(Features of single or a few fractures, other 
than the surface area, may bear some relation 
to mean fracture planes. In Area III, quartz- 
filled fractures (No. 1) and cracks cutting 
pebbles (No. 9) in the Green Pond conglomer- 
ate are roughly parallel to some of the mean 
fracture planes at the respective localities.) 


8.—Relation of Mean Fracture Planes to Features 
Visible on Air Photographs 
(Area ITT) 


The air photographs of Area III, which were 
used as a base map in this study (I, 2), reveal 
the following features: 

At Nos. 7 and 9, both of which are on the 
anticline outlined by the conglomerate, the 
cross joints which are oriented N.-S., 70°E., 
and N.-S., 80°E., respectively, are discernible 
on the air photographs. 

The regional structural grain, i.e., north- 
northeast, is shown in the gneiss areas as dis- 
tinctive lines, some of which are of consider- 
able length. Some less conspicuous lines trend- 
ing west-northwest roughly agree with the 
orientations of the mean fracture planes at 
Nos. 8 and 10 (N.50°W. and N.70°W., re- 
spectively). 

The two sets of intersecting lines which ap- 
pear in the nose of the anticline are roughly 
parallel to the bedding in both limbs and may 
represent lines of yielding imposed by the 
bedding planes when the stiff quartzitic beds 
broke to form the fold. This is borne out by 
observations on the ground and by the orienta- 
tion of mean fracture planes near the nose: 
in each limb there is a rough parallelism be- 
tween one mean fracture plane and the bedding 
plane of the opposite limb (Nos. 1, 5, 3, 7). 


9.—Geometric Erasure of the Paleozoic Deforma- 
tion: The Validity and Implications of an 
Arbitrary Method of Structural 
Restoration 


Paleozoic sedimentary rocks—It has been 
shown (III, 4) that, in all frequency distribu- 
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tions of the dihedral angles between bedding 
and mean fracture planes, the angles tend to 
assume the largest values possible, i.¢., values 
close to 90°. The difference in angle between the 
strike of the bedding and the strike of the 
mean fracture planes which are perpendicular 
to the bedding, and the angle between the 
strike of these fracture planes and the axis of 
the particular fold show no marked central 
tendency. Thus, while the predominance of 
fracture planes perpendicular to the bedding 
indicates that two of the principal stresses 
responsible for forming them were parallel to 
the bedding planes, the orientations of the 
fracture show no obvious relationship to present 
structure. 

One may ask next if it is possible to “erase” 
the effect of the Paleozoic deformation in such 
a way as to enable recognition of original 
structural patterns in the sedimentary rocks 
which are not now apparent. The very fact 
that recognition would become possible might 
be taken to indicate that new insight has been 
gained into the mechanism of the deformation 
of the sedimentary rocks. 

The geometric process here used is that of 
rotating the mean fracture planes in the direc- 
tion of and by an amount equal and opposite 
to the inferred deformation of the Paleozoic 
rocks at the respective localities; the deforma- 
tion is defined as the amount and direction of 
dip. The rotation was performed by means of 
the stereographic projection (Bucher, 1944; 
Melton, 1929). 

In applying the rotation process, it is assumed 
that the primary dips of the sediments are 
negligible, so that rotation by an amount equal 
to the entire dip angle, which equals the primary 
dip plus the dip due to deformation, will not 
introduce an appreciable error. This assump- 
tion is justified, at least in Areas I and II, by 
the work of Kiimmel (1938-1940), who states 
that the Hardyston and Kittatinny covered 
the gneisses over a large area; therefore, sur- 
faces of deposition must have been essentially 
horizontal. The widespread areal occurrence of 
rocks of Green Pond age and lithology indicates 
that the original dip of the Green Pond con- 
glomerate (Area II) was probably small. 

Correction for the horizontal displacement 
involved in the restoration process, like that 
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ysed in the construction of palinspastic maps 
(Kay, 1945), is not necessary for areal inter- 
pretation in this study because most bedding 
dips are fairly flat (Table 2), and therefore the 


abscissa. The data for all three areas combined 
show two distinctive clusters at approximately 
N.S°E., 85°E., and E.-W., 90°. Therefore, the 
process of restoration appears to produce two 


Gneisses. 


horizontal displacement produced is corre- 
spondingly small. 

Before considering the data yielded by rota- 
tion, the reader is cautioned that the number 
of localities in each area is too small for com- 
pletely definitive data; however, the method is 
discussed to show the possibilities for future 
investigations and to suggest to what processes 
the tentative results may point. 

Points representing the rotated mean frac- 
ture planes in the sedimentary rocks have been 
plotted on rectangular co-ordinates (Fig. 23). 
Comparing this diagram with that for unro- 
tated data (Fig. 17), it is obvious that the ro- 
tation produces a marked steepening of dips. 
This result is to be expected, since, in the areas 
studied, bedding and mean fracture planes are 
so often perpendicular to each other (III, 4). 

In the plots for Areas I and III there are two 
clusters of rotated data; the diagram shows no 
clustering for Area II, but rather a rough 
banding parallel to and centered about the 
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sets of mean fracture planes which are per- 
pendicular to each other, and most of which are 
perpendicular to the bedding. Similar relations 
are common in jointed plateau rocks. It must 
be remembered, of course, that the clusters of 
Figure 23, like those of Figure 17 (Fractures), 
consist of points each of which is itself a sum- 
mary point, or mean fracture plane. Thus the 
diagram is really a second-order generalization. 

It appears likely from the fracture data that 
the sedimentary rocks were broadly warped 
either along a roughly N.-S. or E.-W. axis 
prior to the actual folding; the warping pro- 
duced no master fractures of large dimensions, 
but minor rectangular joints scattered through 
the rock. As a consequence of the later folding, 
the early minor fractures were developed to 
their present dimensions 

Precambrian gneisses—It was pointed out 
(III, 4) that the mean fracture planes in the 
gneisses show no apparent systematic relation- 
ship to the foliations, nor do the orientations 
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of the fracture planes show any appreciable 
similarity to the orientations of the mean 
fracture planes in the sedimentary rocks which 
are in structurally comparable positions (III, 6). 

However, the frequency distributions of the 
dihedral angles between mean fracture planes 
at the various localities (III, 5) show no appre- 
ciable difference between gneisses and sedi- 
mentary rocks. This observation, which indi- 
cates that lithology need not have an important 
effect on the angle of fracture, is supported by 
the close correspondence between contour pat- 
terns for structurally comparable localities with 
rocks of the same general age and of different 
lithology (III, 6). 

Thus, the dihedral angle between the mean 
fracture planes is roughly the same in the 
gneisses and the sedimentary rocks, but the 
attitude in space of the fractures in the gneisses 
is not easily explained. 

Are the fractures in the gneisses older than 
the fractures in the sediments? Since the de- 
formation which has contorted the sedimentary 
rocks has also acted upon the gneisses, would 
a rotation process like that used on the former 
so “erase” the effect of the Paleozoic deforma- 
tion that original patterns not now apparent, 
may be recognized in the fractures and folia- 
tions? 

In applying the rotation process to the 
gneisses, it is assumed that the paths through 
space of small elements of the upper and outer 
portions of the crystalline mass have been 
similar to those of the corresponding elements 
of the overlying sedimentary rocks. Since little 
is known of the path through space of particles 
or small elements of large masses of rock under 
differential confining stress, this assumption 
must be used with caution. 

Another assumption required by this method 
of restoration is that fracturing occurred as 
soon as folding began, or, as an alternative, 
later, but stresses were distributed within the 
crystalline rocks along surfaces roughly parallel 
to the overlying sedimentary bedding planes 
or parallel to the nearly flat ground surface. 

An important factor is that the accuracy of 
the rotation process in the gneisses is lower than 
it is in the sedimentary rocks. Some of the 
localities of gneiss are far from exposures of the 
overlying rocks; inference of the attitudes of 
the now-absent beds needed to determine the 
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direction and amount of Paleozoic deformation 

imposed on the gneisses involves further as. 
sumptions and the subsequent incorporation 
of additional error in the results. 

Despite these uncertainties and the smal] 
number of usable localities, the writer has ap. 
plied the restoration to the foliations and frac. 
tures in the three areas studied (Fig. 23). If 
the rotation process is of any value, its applica. 
tion should produce some structural pattem 
in either or both the foliations and the fractures, 
and the scatter of points on the rectangulat 
diagram should be less for rotated mean frac: 
ture planes than for the corresponding unro- 
tated data. 

The foliation is older than the fractures in 
the gneisses; the foliation is everywhere cut 
by the diversely oriented fractures. 

Discussion of areas —In Bowling Green M oun- 
tain (Area III), air photographs show the pres- 
ence of long, linear zones of shear in the gneiss 
parallel to the trend of the foliation (ITI, 8). 
In the field, en echelon fractures between folia- 
tion zones (I, 2: Detailed notes, Area III) is 
independent evidence of differential movement 
along such zones. This suggests that the crystal- 
line basement has been deformed in part by 
differential movement on these shear planes; 
but this cannot be the dominant mode of de- 
formation because well-defined joint sets are 
also present (Fig. 13). 

The foliation planes are almost parallel’to 
each other in their present attitude (Fig. 17); 
rotation produces ‘an anticlinal structure which 
is similar, with respect to the direction of 
plunge, to the present fold in the conglomerate. 
However, the derived fold is subject to sus- 
picion because if such a fold existed before 
the sedimentary rocks were deformed, why 
would the later deformation be so selective as 
to bend the various elements of the structure 
into almost perfect parallelism? 

While the rotation, therefore, probably does 
not demonstrate actual conditions, it may rec- 
tify, in a general way, the attitude of the 
fracture planes produced by the Paleozoic de- 
formation. Applied to the mean fracture planes, 
the most important sets become more nearly 
parallel and nearly vertical (Fig. 23) and are 
approximately perpendicular to the axis of the 
anticline. 

If the fractures had been steep initially (IV), 
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and if the application of the rotation process 
has any meaning, these results are reasonable. 
Thus, there is support for the conclusion (II, 
2, 3) that the fractures in the gneisses are older 
than those in the sedimentary rocks. 

Therefore, the deformation of the gneisses 
in Area III seems to have taken place through 
the mechanisms of (1) differential movements 
on shear planes, and (2) fracturing within and 
across the plates between the shear planes 
before bending similar to that of the sedimen- 
tary rocks produced the present attitudes of 
the fractures. 

Extensive petrofabric studies, using material 
collected along different parts of the same 
plates and across corresponding parts of differ- 
ent plates, might help one draw more positive 
conclusions, if these results were used in con- 
junction with the fracture data. 

In the Gladstone-Peapack (Area I) and Ox- 
ford (Area IT) areas the foliation in its present 
attitude (Fig. 17) is not uniform like that in 
Area III. The rotation of foliation and fracture 
planes produces some indication of areal struc- 
tural patterns, but so few localities are involved 
that the conclusions are largely subjective. 

Plots of the rotated fracture data in the 
gneisses for each of the two areas (Fig. 23) 
show greater spread about the abscissa than 
do the corresponding unrotated data (Figs. 11, 
12; Table 2). This result is in conflict with the 
assumptions that the fractures in the gneiss 
were originally steep (IV), that the rotation 
process is valid, and that the fractures in the 
gneiss are older than those in the sediments. 

Actually, rotation does not clarify the struc- 
tural picture in Areas I and II but, rather, con- 
fuses it. 

Thus the process of rotation, which gives 
simplified results with sedimentary rocks can- 
not be applied to the gneisses. 

It rether seems that in these two areas the 
Paleozoic deformation of the crystalline rocks 
consisted of diversely directed movements of 
individual blocks between pre-existing frac- 
tures, possibly with a certain amount of perma- 
nent deformation of the blocks themselves. 
Deformation by this mechanism has been pos- 
tulated by C. W. Wilson (1934). To describe 
this process, the term “crush mobility” has 
been suggested to the writer by W. H. Bucher. 

The net effect of these movements would 
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have been an upward surge in anticlinal areas 
and a downward movement beneath synclines. 


IV—ANGLE oF Dre oF FRACTURES IN THE 
GNEISSES AND THE SEDIMENTARY 
Rocks 


General Statement 


The preponderance of steeply dipping frac- 
tures in both the gneisses and the sedimentary 
rocks is observable in the dip distributions 
of Figures 11, 12, and 13. That this is reflected 
in the attitude of the mean fracture planes is 
indicated in Figure 17. 

One may then ask if dips of fracture planes 
are initially steep, and, therefore, would the 
dips of fractures in more-deformed rocks be 
flatter than those in less-deformed rocks in 
the same area because subsequent deformation 
would produce greater dispersion of dips? 


Dips of Individual Fracture Planes 


In the following analysis the percentage of 
all fractures with dips greater than 45° is 
evaluated for each locality, and frequency dis- 
tributions of these percentages for each of the 
two rock types are compiled (Fig. 24). The 
frequency axis is given in per cent to make the 
results comparable for the two rock types. 

The percentages of dips greater than 45° 
in the Precambrian rocks are systematically 
smaller than those of the dips in the Paleozoic 
rocks (Fig. 24). This, then, is consistent with 
an affirmative answer to the question above. 

However, the fractures which came into 
being in rock bodies devoid of bedding surfaces 
serving as gliding planes may initially display 
a higher proportion of flatter dips. 

The first alternative above requires that the 
fractures in the Precambrian rocks be older 
than those in the Paleozoic, while the latter 
alternative makes no such age restrictions. 

Some conclusions in Part III of this paper 
appear to agree with the first alternative, but 
do not provide proof of its correctness. The 
final choice between these two alternatives as 
explanations of the magnitude of dip in the 
fracturing of crystalline rocks may be decided 
by a quantitative, comparative study of rock 
fractures in pure granites of the same region 
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Ficure 24.—ANGLE oF Dip IN THE SEDIMENTARY ROCKS AND IN THE GNEISSES 


which have undergone different degrees of de- 
formation due to differences in age. 


Dips of Mean Fracture Planes 


A frequency distribution of the dips of mean 
fracture planes from all three areas is presented 
in the lower part of Figure 24. There is nc great 
difference between the data of the gneisses and 
those of the sediments; the slight difference 
that does exist is in the same direction as that 
discussed above, i.e., the dips in the older rocks 
are flatter. 


The close correspondence between the two 
sets of summary data, in contrast with the 
greater disparity when individual planes are 
considered, as above, indicates that the use 
of summary data alone may obscure significant 
results. 


V—SumMary AND CONCLUSIONS 


An analysis of fractures in lower Paleozoic 
rocks thrown into open folds, and in the under- 
lying Precambrian gneisses has been approached 
from a quantitative point of view. 


124 
‘ 
: 
3 
ee 
Areo-I Total 
so 
se 
6 
sO (R) 50 (R) 
50: 


2 two 
h the 
S are 
> use 
icant 


ider- 
ched 


A minimum of approximately 80 measure- 
ments of fracture orientations in each locality 
provides, at least in this study, an adequate 
picture of the presence and attitude of dominant 
fracture sets in both the gneisses and the sedi- 
mentary rocks (II, 4). 

A simple statistical device has been used to 
decide whether or not points plotted on a 
rectangular co-ordinate diagram depart sig- 
nificantly from isotropism; in these diagrams 
strikes and dips are represented on the abscis- 
sae and ordinates, respectively. The same de- 
vice has been used to outline the borders of 
clusters of points; this enables one to evaluate 
co-ordinates of clusters, i.e., orientations of 
mean fracture planes, and to draw form con- 
tours for easy reading of the diagrams (II, 3, 5). 

The method of plotting points on rectangu- 
lar co-ordinates yields essentially the same 
results as those of the Schmidt net, but the 
former lends itself more easily to numerical 
statistical operations. The disadvantage of the 
rectangular system is that it fails to give an 
immediate visual picture of the orientation 
of the planes (II, 3). 

All localities studied show significant de- 
partures from uniform point distributions, 7.e., 
from isotropism, for data plotted on both 
rectangular co-ordinates and on the Schmidt 
net (II, 5). 

An overall plot of mean fracture planes for 
all areas shows that steep dips predominate 
(Fig. 17). While the attitude of foliations is 
roughly similar in all three areas studied, the 
fracture patterns in the Precambrian rocks are 
not. This suggests that the two may not be 
genetically related (III, 1). 

Most localities have two principal joint sets, 
regardless of rock type (III, 20). However, 
there are proportionately more Precambrian 
than Paleozoic localities with three sets of 
fractures; possibly the Precambrian rocks show 
the effects of the Paleozoic deformation, in 
addition to those recorded before the beginning 
of Paleozoic time. The fact that there is not 
an even higher proportion of Precambrian lo- 
calities with three principal sets may be attrib- 
uted to the substitution of movement along 
pre-existing fractures in place of additional 
fracturing. 

The clusters of the point diagrams of Paleo- 
zoic localities have higher frequency values 
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than those of the gneisses (III, 3); the difference 
in frequency value between the two most im- 
portant maxima in the various localities are 
less in the gneisses than in the sedimentary 
rocks. This result suggests that the fractures 
in the Precambrian and Paleozoic rocks repre- 
sent two periods of deformation: the frequency 
pattern of the earlier, 7.e., the Precambrian, 
was dispersed by the effect of the second 
deformation. 

There is a marked central tendency in the 
frequency distributions of the dihedral angle 
between the mean fracture planes and the 
bedding planes (III, 4); this implies that the 
latter played a significant role in the formation 
of the fractures. The fact that the modal value 
of the angle is near 90° indicates that two of 
the axes of principal stress were parallel to 
the bedding planes. In contrast, the distribu- 
tions of the angle made with the foliation 
planes show little or no central tendency; 
this implies that the planes of foliation exerted 
little or no influence on the orientations of the 
fractures. The same conclusion was reached 
through the overall plot (III, 1); the method 
here is similar, but more detailed. 

Though the frequency distribution pattern 
of the dihedral angle between the mean fracture 
planes at each locality is quite distinctive for 
each of the three areas, those of the two rock 
types show fairly good agreement with each 
other (III, 5). This points to the conclusion 
that the angle between fracture planes, i.e., the 
angle of fracture, may be largely independent 
of the nature of the rock. 

The attitude in space of the angle of fracture 
is one of the considerations in comparing the 
contoured point diagrams of individual local- 
ities in structurally similar positions. It is 
indicated that contrasts in lithology within the 
same rock type, i.e., sedimentary or crystalline, 
do not contribute appreciably to difference in 
contour-diagram patterns; contrasts in rock 
type, on the other hand, usually produce strik- 
ingly different diagrams (III, 6). On the basis 
of these results, and the previous conclusions 
with respect to the similarity in the angle of 
fracture in the two rock types, it is reasonable 
to infer that the fractures in the crystalline 
rocks differ from those in the sedimentary 
rocks owing to differences in the stresses in- 
volved, rather than because of lithologic differ- 


i 
if 
i 
i 
4 
i 


126 


ences. Whether the differences in the stresses 
involved are due primarily to differences, with 
respect to time, in the mode of external applica- 
tion of the stresses, or to differences in internal 
stress distributions which are concurrent, or 
both, is not ascertainable from these data. 

The measurement of a few large fractures 
gives no better results, at least in this study, 
than the measurements of an equal number of 
fractures of any size. As long as the number of 
points plotted falls below the established min- 
imum, the estimate of the mean fracture plane 
is not to be considered reliable (III, 7). 

An arbitrary, geometric process for removing 
the effects of the Paleozoic deformation of the 
sedimentary rocks results in the steepening of 
dips of the mean fracture planes, and the 
data cluster into two groups representing frac- 
ture planes which are approximately perpendi- 
cular to each other (III, 9). Probably these 
fractures resulted from a broad warping which 
occurred prior to the actual folding. 

When the same process of removing the 
effects of the Paleozoic deformation is applied 
to the gneisses (III, 9), serious doubts arise as 
to the validity of applying this method, since 
little is known of the path through space of 
individual points in the crystalline basement 
during the deformation which throws the over- 
lying sedimentary rocks into open folds. As- 
sumptions involving estimates of the amount 
and direction of the Paleozoic deformation of 
the Precambrian gneisses must be made in 
order to apply the geometric restoration; but 
the very use of these assumptions casts doubt 
on the accuracy and the validity of the process. 

The deformation of the gneisses in Area 
III seems to have taken place through the 
mechanisms of differential movements on shear 
planes, and fracturing within and across the 
plates between the shear planes before bending 
similar to that of the overlying sediments pro- 
duced the present attitudes of these features. 

In Areas I and II the Paleozoic deformation 
of the gneisses seems to have consisted of 
diversely directed movements of individual 
blocks between pre-existing fractures, possibly 
with a certain amount of permanent deforma- 
tion of the blocks themselves. The total effect of 
these movements would have conformed with 
folds in the overlying beds. 
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A high proportion of all fractures measured 
in this study dip more steeply than 45°. The 
percentages of dips greater than 45° in the 
Precambrian rocks are systematically smaller 
than those of dips in the Paleozoic rocks (IV). 
If it could be proved that the dips in the 
gneiss were originally as steep as those in the 
sediments, the conclusion would be warranted 
that the majority of the fractures in the gneiss 
are older than those in the sedimentary rocks. 

Expressed as a geologic sequence of events, 
the results outlined above take this form, 
subject to the doubt, and qualifications attached 
to each item in the preceding pages: 

(1) The fractures in the Precambrian gneisses 
came into being after the development of the 
foliation and complicated structural detail in 
the metamorphic sequence. The foliation planes 
seem to have exerted no influence on the orien- 
tation of the fractures. 

(2) After peneplanation of the Precambrian 
surface and the subsequent deposition of the 
Paleozoic sediments, the region was gently 
warped; the warping produced no master frac- 
tures of large dimensions, but rather minor 
joints scattered through the rock. During this 
deformation, adjustments probably took place 
along the pre-existing fracture surfaces in the 
underlying crystalline rocks. 

(3) As a consequence of later folding, chiefly 
post-Taconic, the minor fractures in the sedi- 
mentary rocks developed to their present di- 
mensions, while the Precambrian rocks were 
deformed by (a) movement along the pre- 
existing fractures and the deformation of the 
solid blocks between the fracture planes, or 
by (b) differential movements on large shear 
planes with fracturing between and across the 
shears, followed by some bending similar to 
that of the overlying beds. 

(4) Subsequent minor movements and weath- 
ering further enlarged the fractures to their 
present dimensions. 

Clearly, additional quantitative studies of 
rock fractures are required for more complete 
comprehension of the nature of rupture in 
rocks. Data must be culled from a wide variety 
of structural situations and lithologies, and 
methods of treating these data must be applied 
as the particular situation requires. 

If the methods of collection, treatment, and 
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analysis of the data in this study indicate some 
new lines of approach to the study of rock 
fractures and other fields which may be studied 
quantitatively as well as qualitatively, and if 
the inferences drawn from the results of this 
study provide a stimulus for further work in 
related structural fields, then this paper has 
served its principal purposes. 


APPENDIX 
ANNOTATED BIBLIOGRAPHY OF SELECTED PAPERS 


Melton, F. A. (1929) A reconnaissance of the joint 
systems in the Ouachita Mountains and Central 
Plains of Oklahoma, Jour. Geol., vol. 37, p. 
733-738. 

The bedding is rotated back around the line of 
strike, together with the included joints, to the 
horizontal position; another set of rotations is 
made about a vertical line until all bedding strikes 
coincide in the north-south line of the figure. 
The two dominant joint systems so derived are 
analyzed graphically. The direction of slickensides 
are used to confirm the direction of deformation 
deduced from the adjusted orientation of the joints. 


Miiller, L. (1933) Untersuchungen tiber statistische 
Kluftmessung, Geol. u. Bau., Jahrg. 5., Heft 1, 
p. 206, 207, 214-216, 227-228, 231, 233, 234. 
This is a comprehensive paper covering methods 

of measuring the orientations of joints, importance 

of three-dimensional considerations, number of 
measurements to be made, use of the Schmidt net, 
effect of varying size and movement of the unit 
counting circle used on the Schmidt net, graphic 
evaluation of mean fracture orientation, and a his- 
tory of the quantitative study of rock fractures. 

The methods outlined are applied to 4,000 joint 
measurements collected in the vicinity of Salzburg. 

An important problem is which joints to measure. 

The tendency to increase maxima (Fischer, 1926) 

does not cancel the effects of the tendency to look 

for differences (Teichert, 1927); the best method is 
to measure “completely blindly.” 

There is no known relation between the size of 
the joints and their orientation. 


Winchell, H. (1937) A mew method of inter pretation 
of ee diagrams, Am. Mineral., vol. 22, 


. 15-36. 

Theoretical random distributions are set _ 
points on the Schmidt net; then the actual distri- 
butions are compared with the theoretical dis- 
tributions. 

(1) General test: The number of points _ 
square (on the Schmidt net) are counted, and then 
the number of squares containing 0, 1, 2, etc., 
points are determined. The theoretically most 
probable number of squares containing 0, 1, 2, 
etc., points are calculated from the Poisson ex- 
ponential function; this represents the theoretical 
random distribution. The chi-square test is then 
used to calculate the probability that the actual 
distribution has been drawn from a population with 
the theoretical random distribution. 
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(2) Zone test: A circle with diameter equal to 
that of the fabric diagram is divided into 10 con- 
centric rings of equal area, the rings representing 
zones of equal area on the scatter diagram, and the 
number o _ in each zone is counted. The 
theoretical distribution is isotropic; the theoretical 
frequency is the same in zone, and is equal to 
the total number of points divided by the number 
of zones (10). The chi-square test is used to calculate 
the — (P) that the observed distribution 
has been drawn from an isotropic population. The 
test circles must be oriented on the basis of field 
evidence; relative values of P in different aspects 
give some indication of the direction of concentra- 
tion. 

Krumbein, W. C. (1939) Preferred orientation of 
pebbles in sedimentary deposits, Jour. Geol., vol. 
47, p. 673-706. 

Two methods are presented for describing fre- 
poe! distributions of azimuth or of dip. (Two- 

imensional analysis). 

(1) Radius vector summation method: The data 
are combined into azimuthal classes extending over 
180°; the value of each class mid-point is doubled to 
maintain the cyclic nature of the distribution. For 
each angle class, a radius vector is drawn from a 
common origin; its direction is determined by the 
value of the doubled class mid-point, and its 
length is proportional to the frequency in the class. 
Each radius vector is then resolved into a hori- 
zontal and vertical component; the ratio of the 
sums of the horizontal to the vertical components 
equals the tangent of twice the mean angle. Thus, 
a mean angle is evaluated, but the method is 
tedious and the determination of dispersion in- 
volves complications. 

(2) Moment analysis: A histogram is construc- 
ted on rectangular coordinates; the distribution is 
adjusted so that the modal class falls at the center 
of the abscissa. Conventional methods are used to 
find the arithmetic mean, the standard deviation, 
and higher moments. 

In studying the orientation of the long axis of 
— it is found that sometimes the particles 

ve neither marked azimuthal nor plunge con- 
centrations, yet a combination of the two produces 
pronounced concentrations on the petrofabric dia- 
gram. 

Cizancourt, H. de (1947) Quelques problémes de 
tectonique géometrique, Extrait de la Rev. d. 
l'Inst. Fr. d. Pétrole et Ann. de Comb. liq., 
vol. II, no. 1, p. 3-24; no. 2, p. 81-98; no. 3, 

. 141-154; no. 5, p. 252-254. 

The nature of flow and rupture in rocks is out- 
lined, and the orientation data of rock fractures in 
the foreland of the Pyrenees are analyzed graphi- 
cally. The data are plotted on a modified stereo- 
graphic projection, the diameter of the circle 
representing somewhat more than 180°; this con- 
struction eliminates the difficulties involved in 
studying peripheral contours. 

e joints in the granites of the axial zone of the 
Pyrenees have contour diagrams similar to those of 
the encasing sedimentary rocks. 

A comprehensive bibliography is included. 


King, P. B. (1948) Geology of the Southern Guadalupe 
Mountains, Texas, U. S. Geol. Survey, Prof. 
Paper 215, p. 114-115, 117, 124. 
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The , and error of measure- 
ment 0! joints in this area are discussed. 
number of joint sets and the trends of the joints are 
contrasted between two adjoining areas which were 
deformed to different degrees. 


Pincus, H. J. (1948) Statistical tec applied to 
the study of rock fractures (anu ed), Masters 
Thesis, Columbia Univ. Library. 

Strike and dip of joints and foliation in the 
granite and gneisses of the Ward Poundridge Reser- 
vation, New York, are plotted on rectangular 
coordinates The chi-square test is used to determine 
the prc*abinty that the points plotted are drawn 
from a parent ae which is isotropic over a 
rectangular grind. This method is very tedious and 
is possibly too sensitive for joint studies. 

A method is proposed for comparing the patterns 
of any two by means of Spearman’s coef- 
ficient of rank correlation. The significance of the 
results obtained will remain doubtful until ad- 
ditional knowledge has been acquired of the theo- 
retical properties of this coefficient. 


Chayes, F. (1949) Statistical analysis of aé- 
mensional fabric diagrams, in Fairbairn, H. 
(1949) Structural petrology of deformed ae 
Addison-Wesley Press, p. 297-307. 
Two-dimensional anisotropy, once established by 

the chi-square test, may be described according to 

the of (1939), if the distribution 
is unim 

Theoretical compass rose di comparable 
to some actual — distributions are reproduced 
from Schmidt (1918), and Schmidt’s system is 
briefly discussed. 


Chayes, F. (1949) Statistical analysis of three-di- 
mensional fabric diagrams, in Fairbairn, H. W. 
(1949), Addison-Wesley Press, 308-326. 

The definition of isotropism is ‘extended to cover 
a third dimension. 

The zone test of Winchell (1937) is discussed; 
Winchell’s concern about the orientation of the 
zones is unnecessary, for it is the ernany of the 
isotropic model which is being tested 


In the empty test, the total area of the 
fabric diagram is Tivided i into two parts, one con- 
taining all of the points and the other containing 
none. The chi-square test is applied to determine 
the probability that the observed distribution has 
been drawn from an isotropic ulation, i.e., one 
which should yield samples such that the number of 
points falling in each of the two parts are wa 
portional to their areas. It is shown that, “‘. 
remarkably small empty areas are sufficient “to 
render a sample incompatible with our isotropic 
model,” i.e., the test is much too sensitive. 

__ Concerning the general test of Winchell —_. 

.the test takes no account of the spatial dis- 
otic of the various cell frequencies and very 
little of the size of individual discrepancies between 
observed and theoretical frequencies.” 

Correlation as a measure of preferred orientation 
(Chayes, 1946) is compared with the foregoing 
methods. The correlation is determined between the 
number of points in a unit area (square) and the 
number in each of the four nearest squares. The 
tendency to cluster will yield a significantly positive 
correlation coefficient. Thus, this method avoids, 
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i assumptions about the freque: 
distributtons of fabric elements in unoriented rocks,” 

The same data are studied by inspection, the 
empty space test, the correlation test, and the 
Winchell general test. The results are tabulated and 
compared. 
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RADIOACTIVITY OF THE BOURLAMAQUE, ELZEVIR, AND 
CHEDDAR BATHOLITHS, CANADA 


W. N. IncHam AnD N. B. KEevit 


ABSTRACT 


Differentiation of the Elzevir magma into eight phases progressed with the concentration of radioactive 
elements in later, more acidic members, and culminated with relatively radioactive pegmatites and weakly 
active veins. The distribution of radioactivity in related rock types is such that it has correlative value. 
The results of several hundred determinations of radioactivity have shown a tendency for the heaviest 
elements to concentrate in the periphery of batholiths or stocks. In intrusives greater than 2 miles across, 
acore zone of lower than average radioactivity may be present if erosion has removed the roof. 

Several variables must be considered if sampling for radioactivity research is to be representative. 
Regional differences in radioactivity suggest a steeper geothermal gradient in southeastern Ontario than in 
western Quebec. Local differences in the radioactivity of batholiths may be important in influencing the 
course of differentiation, syntexis, and refusion at depth. 


CONTENTS 


age Page 
Acknowledgments. . . gabbro-diorite series . . 140 
Bourlamaque batholith... Aplitic granite. . 
Associated rocks. . 


Elzevir batholith. . MER Distribution of radioactivity in batholiths.. 144 
General geology . . Contrast between core and contact zones.. 144 
Gray granite. .. es Influence of invaded rocks. . pares 
Gabbro-diorite-syenite-granite se series... .. 138 Effects of granitization . . . 
Quartz Radioactivity of differentiation series. 
White granite. . Basic to acidic rocks. . 
Aplitic granite. . Older to ounger rocks. . 
Radioactivity . . Use in petrological correlation. 
General statement. . 138 Significance in geothermics. . eStats 
Distribution of radioactivity jn the ‘gray Radiogenic heat. . 
granite . 138 Representative sampling. 
Distribution in the white granite. . 140 Summary of conclusions. . 


Distribution in the syenite. . . 140 References.. 


ILLUSTRATIONS 


Page 
1. Location of batholiths in western Quebec and 4. Geology of the Elzevir composite batholith. i 


eastern Ontario. . 133 5. Radioactivity in the Elzevir composite 

2. amend in the Bourlamaque batho- batholith. . 139 
lith.. 134 6, Generalized radioactivity gti across the 

3. Decrease of radioactivity wit with depth i in the central part of the Elzevir gray granite 2 
Bourlamaque batho! 135 7. Radioactivity in the Cheddar batholith. . 


131 


} 
Experimental procedure.............. . 133 _ 
| 


INGHAM AND KEEVIL—RADIOACTIVITY OF BATHOLITHS 


TABLES 


Page 
1. Radioactivity of Bourlamaque batholith wend 
associated rocks. . 
2. Distribution of radioactivity i in the aces * 
Cheddar, and Bourlamaque intrusives.. 141 
3. Average radioactivities of components of the 


Page 


Cheddar batholith. . 

4. Differentiation of radioactive elements as a 
function of size of intrusive. . 

5. Radioactivity of the differentiates of the El- 


zevir magma. . 


INTRODUCTION 


Evidence from the radioactivity of meteor- 
ites, dunites, and other igneous rocks suggests 
that the radioactive elements were concen- 
trated in the upper crust in the large-scale 
differentiation of the solidifying earth. Geo- 
thermal theory indicates that this surface layer 
is most important in determining the rate of 
cooling of the earth, and it is, therefore, desir- 
able to know the rate of production of radiogenic 
heat in granitic and related rocks which are 
believed to be typical of the lithosphere. 

The distribution of radioactivity within indi- 
vidual batholiths and stocks needs to be de- 
termined in order to learn something of the 
history of the radioactive elements during con- 
solidation of the granitic magma, and to decide 
upon suitable methods of representative sam- 
pling. Accordingly, detailed investigations have 
been made on a granodiorite and two granitic 
batholiths of Precambrian age. 
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BouRLAMAQUE BATHOLITH 
General Geology 


The Bourlamaque granodiorite batholith is 
in Abitibi East county, western Quebec, 60 
miles east of Noranda, in the Val d’Or mining 
district (Fig. 1). 

The consolidated rocks of the district are all 


Precambrian. The Bourlamaque granodiorite 
intrudes Keewatin-type volcanics ranging from 
andesite to rhyolite, with the more basic rocks 
predominating. The volcanics are commonly 
severely altered as evidenced by varying de- 
grees of chloritization, sericitization, carbona- 
tization, silicification, and albitization, and the 
introduction of albite is most pronounced in 
the flows close to the batholith. 

The Lamaque boss to the south, the altered 
Siscoe stock to the west, and a small body close 
to the southeastern extremity of the batholith 
appear to be satellites of approximately the 
same composition as the main granodiorite. 
Other bodies and dikes of albite granite, syenite 
porphyry, granodiorite porphyry, and grano- 
diorite may be related to the main intrusive. 
Dikes of andesite porphyry, albitite, aplite, and 
lamprophyre cut the batholith. Gold-quartz- 
carbonate-tourmaline veins are developed within 
the contacts of the batholith at a number of 
mining properties along the western, southern 
and eastern boundaries. 

Probably the Bourlamaque mass is of the 
same general age as the Palmarolle, Taschereau, 
Flavrian, and La Corne batholiths of the 
Rouyn-Bell River ‘area. To the southwest, simi- 
lar rocks are overlain by the Cobalt series, 
which suggests that the intrusives are Algoman. 
Helium age determinations made on some of 
the rocks are in accord with the Algoman 
assignment of age, except for the La Corne 
granodiorite which may be older. These con- 
siderations suggest that the Bourlamaque 
batholith is pre-Cobalt and post-Keewatin. 


Petrography 


The granodiorite is normaly a uniformly gray, 
coarse-grained rock. The grain size averages 5 mm., 
but some feldspar laths and hornblende prisms 
attain a length of more than 1 cm. An altered facies 
frequently displays a slightly greenish tinge due to 
secondary chlorite, epidote, and carbonatized plagio- 
clase. In the localized hybrid basic border facies, 
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the proportion of ferromagnesian minerals is in- 
creased at the expense of felsic constituents, making 


the rock darker. 
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pulverizer. About 1 gram of this product was 
finely ground in an agate mortar, suspended in 
alcohol, and deposited in films 92 mm. in 
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Among the constituent minerals, albite, horn- 
blende, and quartz are most abundant; apatite, 
ilmenite, magnetite, sphene, and zircon are acces- 
sories. Alteration products include chlorite, epidote, 
zoisite, and carbonates. 

Gussow (1937a; 1937b) noted that the modes of 
the analyses recast as primary constituents indicate 
a remarkable uniformity in mineral composition 
throughout the Bourlamaque mass. 


Radioac‘ivity 


Experimental procedure—Hand specimens of 
rock carefully cleaned of surface contamina- 
tion were broken into half-inch pieces and 
ground in a clean Braun Type UX mechanical 
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diameter upon a copper disc. The rate of alpha- 
ray emission was determined by placing the 
disc in an ionization chamber and recording 
the amplified current impulses photographically 
continuously, and automatically for several 
hours. After correcting for the alpha-ray back- 
ground of the ionization chamber and disc, the 
absolute activity was calculated or determined 
graphically (Keevil and Grasham, 1943). The 
instruments were calibrated with samples con- 
taining known amounts of uranium and tho- 
rium. The activity expressed in alpha-rays 
emitted per milligrams per hour, is related to 
uranium, U, and thorium content, Th. 


a = 36.9 X 10°U + 8.86 x 10‘ Th (1) 
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and to the rate of production of radiogenic 
heat (Keevil, 1943) 


H = 2.15a + 22K cals./gm./M.y. (2) 
or approximately 
H = 2.60a cals./gm./M.y. (2a) 


where K, Th, and U are concentrations in 
grams per gram, and M.y. refers to millions of 
years. 

Areal distribution The quantitative varia- 
tion of the radioactivity of different parts of the 
Bourlamaque batholith has been carefully de- 
termined by analyses of some 150 specimens. 
The results for the granodiorite, plotted on 
Figure 2 according to locations in the in- 
trusive, reveal a contrast in radioactivity be- 
tween the core and border zones of the in- 
trusive. Within the central region, the average 
activity is 0.116 alphas/mg./hr.; the average 
activity of the outer contact area is six times as 
high, 0.696. A heterogeneous distribution of 
activities is found in the intermediate zone, 
generally within the range 0.292-0.700. 

Considered as a whole, there is a definite, but 
not uniform, decrease in radioactivity as the 
central portion of the mass is approached from 
its outer walls. This decrease does not culmi- 
nate in a point of little or no radioactivity, but 
rather in a relatively large area comprising 
about a fifth of the exposed surface, in which 
the activity is considerably lower than the 
average for the whole intrusive. 

Anomalous results were occasionally ob- 
tained. For instance, a mile northwest of 
Herbin Lake, a point 1} miles from any known 
part of the outer edge of the intrusive, unusu- 
ally high values of 2.16 and 1.84 were obtained 
for two specimens examined. A relatively high 
proportion of zircon observed in thin sections 
of these rocks may well account for the in- 
creased radioactivity. At the southeast corner 
of the batholith where the mass is especially 
basic, lower than average values for the border 
rocks were obtained, possibly because of assim- 
ilation of weakly active basic volcanics invaded 
by the granodiorite. The narrow western tongue 
of the batholith, as might be expected, tends 
to be more radioactive and variable than the 
main body of the intrusive. 

Variation with depth—For an indication of 
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the depth variation of radioactivity, 21 samples 
were taken from drill holes and mines at depths 
to 1,650 feet. Around the main part of the in- 
trusive, where the concentric distribution of 
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Ficure 3.—DECREASE OF RADIOACTIVITY WITH 
DEPTH IN THE BOURLAMAQUE BATHOLITH 


radioactivity is evident, a decrease of activity 
with depth was found (Figure 3). These results 
are, however, inconclusive because of the small 
number of tests and the relatively shallow 
depths explored; and in the western border, 
where the surface distribution of radioactivity 
is erratic, opposite results were found. 

Associated rocks.—Comparison of the radio- 
activity of the Bourlamaque batholith with 
associated dikes and invaded rocks, with neigh- 
bouring intrusives, and with an average value 
for granodiorites is made in Table 1. 

The average activity of the Bourlamaque 
batholith appears to be of the same order as 
that of other granodiorites in the region; all 
are considerably less than the average value 
for North American granodiorites (Keevil, 
1943). While the radioactivity of late aplite 
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dikes associated with the Bourlamaque intru- 
sives is relatively high, later quartz veins and 
pyrite are too weakly active to be detected by 


area are Precambrian, The oldest rocks cop. 
sist of severely metamorphosed, fine-grained 
greenstone, schists, biotite schists, massive and 


the alpha-ray counting method. The related 


TABLE 1.--RADIOACTIVITY OF BOURLAMAQUE BATHOLITH AND ASSOCIATED ROCKS 


ellipsoidal lavas, and pyroclastics. Near the in. 


Sample 


Source 


Activity 
alphas/mg. /hr. 


Bourlamaque batholith.......... 
Bourlamaque batholith.......... 
Bourlamaque batholith.......... 


Border zone 
Central core 
Average value 


Sullivan Mine, Que. 
Cournor Mine, Que. 
Intrusive into Bourlamaque 


Average of 1000 samples* 


Adjacent granodiorite stock...... S.E. of Bourlamaque batholith ‘ 
Island, Flavrian Lake, Que. 0.43 
a eee Separated from Flavrian granite 0.30 
Separated from Flavrian granite 0.59 
Hornblende granodiorite......... Vassan Tp., Que. 0.45 
E. of Lake La Motte, Que. 0.76 


pre-Bourlamaque 
Inclusions in Bourlamaque 

Keewatin-type lava, S.E. of Bourlamaque 
Keewatin-type lava, S.E. of Bourlamaque 


* Study of North American rocks (unpublished). 


granodiorite plug to the southeast is too small 
to show any zonal distribution of radioactivity. 

The older basic rocks are generally less ac- 
tive, specimens of ultrabasic plutonics having 
activities of only 0.036, 0.037, and 0.057 alphas/ 
mg./hr. The variable activities of tuff and ag- 
glomerate are not unexpected considering their 
varied nature and origin. 


Euzevir BATHOLITH 
General Geology 


The Elzevir batholith lies 50 miles northwest 
of Kingston in southeastern Ontario at the 
southern edge of the Precambrian Shield 
(Fig. 1). 

Except for a few small outliers of Paleozoic 
limestone, all of the consolidated rocks in the 


trusive contact of the Algoman! batholith, 
these rocks are invaded by innumerable narrow 
stringers, seams, and lenses of granitic mate- 
rial along the planes of schistosity. 

Granite pebbles in the Hastings conglom- 
erate, the youngest Precambrian sedimentary 
rock, point to the existence of an earlier granite. 


Petrography 


Gray granite—The Elzevir composite batholith 
includes a number of lithologically distinguishable 
but intimately associated granitic rocks (Fig. 4). 
The most extensively developed is a gray granite, 
consisting mainly of quartz and orthoclase with 
considerable biotite and accessory sphene and apa- 
tite. It is distinctly foliated, especially near the 


1 post Hastings and pre-Ordovician 


4 
0.696 
| 0.116 
0.480 
Unmineralized vein quartz....... 0.000 
Pyrite carrying gold............ 0.000 
Serpentinized peridotite......... 0.041 
Tuff and Agglomerate........... 0.08 to 0.50 
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outer margin, but there are large areas of massive 
granite in the interior. 

Gabbro-diorite-syenite-graniie series —A remark- 
able series of intrusive rocks occurs at the northern 
end of the composite batholith. This consists of 
gabbro, diorite, basic syenite, red syenite, and red 
granite with a complete gradation between the rocks. 
The diorite and gabbro probably represent an early 
product of the gray granite magma, their basic 
character being at least partly, if not chiefly, due to 
assimilation of intruded greenstones, many inclu- 
sions of which are found in them and in the neigh- 
boring granite. 

The gradual change from diorite through basic 
syenite to syenite is accomplished by a reduction in 
plagioclase and increase in orthoclase, and by a 
reduction in amount of the ferromagnesian constit- 
uent. 

The gabbro, an almost black rock of medium to 
coarse grain, is composed principally of carbonatized 
calcic andesine and augite. 

A red biotite granite, the most acidic rock of the 
series, is composed mainly of orthoclase and 
quartz with about 10 per cent microcline and a few 
grains of albite. Magnetite, epidote, biotite, musco- 
vite, apatite, tourmaline, and fluorite are accessories. 

Quariz diorite-syenite—A mass of rock ranging 
from quartz diorite to syenite crops out on the 
eastern side of the batholith. It is intruded by dikes 
of the gray granite and may represent an early basic 
differentiate of the granite magma, or an assimila- 
tion facies. The rock is coarse-grained, consisting 
chiefly of plagioclase, hornblende, and biotite, with 
minor sphene, quartz, and carbonate. 

White granite—A body of white biotite granite, 
2% miles wide and 5} miles long, in southwestern 
Anglesea Township, is part of the main composite 
batholith. It appears to invade the gray granite, 
although gradational contacts occur. The white 
granite is a coarse-textured rock consisting largely 
of orthoclase, quartz, and biotite, with minor quanti- 
ties of muscovite, apatite, pyrite, and carbonate. — 

A plitic granite —The seventh igneous rock in the 
Elzevir batholith is an elongated body of aplitic 
granite about a mile wide situated in the south- 
western portion of the mass. 

The aplitic granite is light gray to pink, the 
texture is saccharoidal, and the minerals present are 
albite, biotite, microcline, with sphene, muscovite, 
and zircon as accessories. The zircon is closely 
associated with biotite in which it forms pleochroic 
halos; apatite is lacking. 

Associated dikes—Narrow dikes of dark-gray 
biotite lamprophyre occasionally traverse the gray 
granite in the contact zone. The southeastern margin 
of the granite also contains dikes of coarsely crystal- 
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line pegmatite consisting chiefly of orthoclase, 
microcline, quartz, and muscovite. A late Pre. 
cambrian dike of diabase is exposed intermittently 
in the southern part of the batholith fo- more than 
5 miles in the direction N. 70° E. Numerou granitic 
and aplitic dikes are related to the intrusive rocks 
already described. 


Radioactivity 


General statement.—Radioactivity determina- 
tions have been made on nearly 200 rock speci- 
mens from the Elzevir intrusive and related 
rocks using the alpha-ray counting method 
(Fig. 5). Since the intrusion is composite, the 
different facies of the mass will be discussed 
separately. These contiguous granites appear 
to be genetically related, and it is worthy of 
note that their average radioactivities are sufi- 
ciently different to corroborate the field and 
petrographic evidence of their dissimilarity. 

Distribution of radioactivity in the gray gran- 
ite-—Like the Bourlamaque batholith, the large 
area of gray granite exhibits a zonal arrange- 
ment of radioactivity. The average of 31 deter- 
minations in the contact zone is 1.720 alphas/ 
mg./hr., in contrast to an average of 0.497 in 
the central area. Within the ‘ntermediate zone, 
40 scattered counts average 0.721 alphas/mg./ 
hr.; 14 per cent of the values in the contact 
zone range between 0.5 and 1.0, but at least 
half of these were obtained from contaminated 
rock, samples of which invariably possess a 
lower radioactivity than the uncontaminated 
gray granite. In:the intermediate zone, the 
activities range between 0.494 and 1.723, but 
the high values are found in areas where the 
contact zone also carries abnormally high 
values. The central area, 30 per cent of the 
total exposed surface, is uniformly low in radio- 
activity except for one or two minor incon- 
sistencies. Such variations are not unexpected; 
the significant feature, revealed by a large 
number of radioactivity determinations, is the 
segregation of the radioactive elements into an 
active marginal zone around a relatively weakly 
active core. 

Radioactivity profiles across two sections of 
the Elzevir batholith (Fig. 6) illustrate the 

generalized variations along east-west and 
north-south lines extending across the central 
part of the gray granite. 
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Distribution in the white granite—In the 
mass of white granite lying within the northern 
part of the gray granite in Anglesea Township, 
the radioactivity was again found to be highest 
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border zone. In the central part, most of the 
values obtained were less than 0.50, while at 
the margin results as high as 3.70 alphas/mg,/ 
hr. were recorded. There is a slight tendency 
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in the outer border, with an area of lower ac- 
tivities located inside it and extending to the 
western margin at the diorite contact (Table 2). 
The average activity of the border zone of 
white granite was found to be 1.319, compared 
to an average of 0.776 alphas/mg./hr. in the 
central area. 

The salmon-colored quartz-rich phase, which 
is locally developed, especially near the center 
of the white granite, was found to be more 
radioactive (1.22, 1.47) approaching that of the 
red syenite and red granite. 

Distribution in the syenite—The circular body 
of syenite at the northern end of the batholith 
is also featured by an inner area of low radio- 
activity surrounded by a more radioactive 


$ H $ 
MILES FROM BORDER 
FicurE Ce RADIOACTIVITY PROFILES ACROSS THE CENTRAL PART 
THE Exzevir Gray GRANITE 
(1) Mevtheouth oe profile across 16-mile length of batholith 
(2) East-west profile across 8-mile width of batholith 
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toward the development of a zone of inter- 
mediate radioactivity, as values of 0.82 and 
0.94 were found between the core and the rim; 
in the other intrusives, some anomalies are 
superimposed upon the general core-border re- 
lationship. 

Distribution in the quartz diorite and gabbro- 
diorite series —Six determinations of radioac- 
tivity were made on specimens of the small 
body of variable quartz-diorite near Flinton 
(Fig. 5) with results ranging between 0.75 and 
2.24 alphas/mg./hr. There is a vague sugges 
tion of a core-border relationship, but this is 
uncertain both because of lack of uniformity in 
composition of the diorite and because of the 
small number of determinations. Furthermore, 
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invades the closely related mass of red syenite 


- Of the the border value, 2.24, which is high for diorite, 

vhile at may be an effect of the near-by granite. was the most active of all specimens examined, 
'S/mg, / Most of the specimens studied from the 5.54 alphas/mg./hr. Two dikes of pegmatite 
ndency northwestern and northern diorite-gabbro bor- cutting the southeastern contact zone of the 
nati der zone of the batholith were low in radio- gray granite have activities of 2.71 and 3.25; 


TABLE 2.—DISTRIBUTION OF RADIOACTIVITY IN THE ELZEVIR, CHEDDAR, AND BOURLAMAQUE INTRUSIVES 


Average activity, alphas/mg./hr. 


Rock No. of de- 
terminations Contact Inter- 
All samples zone mediate zone| Central area average* 


ON eer 12 1.690 No significant variation 1.69 

Are eer 1 1.56 Not determined 1.56 

17 1.453 1.860 0.477 1.30 

Quartz-diorite 6 1.37¢ | 1.51 0.75t 1.20 

10 1.076 | 1.32 0.78 0.93 

Gray granite...........0...0000 86 1.018 | 1.720 | 0.721 | 0.497 | 0.65 

12 0.293 | 0.102 | no significant variation 0.20 

0.11 
1.88 1.11 


Bourlamaque granodiorite....... 9.116 


* Assumptions made on the basis of structural investigations of relative volume of core and border 
phases at depth and that the core phase is representative of the batholith at depth. 

t Activity probably increased by granitization. 

t One value. 


activity (near 0.3), but, where patches of and a dike of aplitic granite intruding quartz 
granitic material were present, the activities diorite has a value of 1.24. 

were abnormally high (1.41, 1.62). The lowest Radioactivity determinations were made on 
values (0.03 to 0.14) were obtained from speci- a few specimens of the invaded volcanics in 
mens taken near the outer contact, where the order to find their effect, if any, on the activity 
general basic character is due to assimilation of the border phase. The average radioactivity 
of the basic weakly radioactive intruded vol- of four samples of andesitic lava collected along 


nter- 
and canics. Higher values are obtained near the the eastern margin of the main intrusive is 
rim; contact with granite and syenite, believed to 0.133 alphas/mg./hr. The radioactivity of a 
- are be part of the differentiation series which in- highly talcose volcanic rock near the southern 
rie cludes the gabbro-diorite. boundary of the intrusive was too low to be 
Aplitic granite—The aplitic granite, regarded measured by the methods employed. Basic 
bbro- as the youngest facies of the batholith, pos- greenstones from the vicinity of the western 
oac- sesses the highest average radioactivity of any contact yielded values as low as 0.07 alphas 
mall of the rocks studied in this series: 1.690 alphas/ mg./hr. The activity of a pebble of granite 
ton mg./hr., with 40 per cent of the values exceed- gneiss from the Hastings conglomerate in south- 
and ing 2.00. The larger area of this relatively eastern Elzevir Township was only 0.36 alphas/ 
ges- zircon-rich rock, in the southwestern part of mg./hr., lower than that of any of the other 
s is the main intrusive, does not show any systema-__ granitic rocks here studied. 
y in tic distribution of the radioactive elements, nor Synopsis of distribution—The radioactivities 
the do the smaller patches of aplitic granite. of the several phases of the Elzevir batholith 


Associated rocks —A dike of red granite which are summarized in Table 2. Where any par- 
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ticular distributions of radioactivity are in- 
dicated, the average for the different zones is 
given. Averages for the Bourlamaque and 


TABLE 3.—AVERAGE RADIOACTIVITIES OF 
COMPONENTS OF THE CHEDDAR 


BATHOLITH 
a Activity al- 
vi 
mens 
Granite and aplite dikes....... 4 |5.41 
mene Datholith.............. 2 3.96 
within border phase......... + 4.62 
in interior zone............. 8 2.43 
Coarse-grained border phase...| 28 |3.01 
pegmatitic granite in interior.| 20 1.06 
pegmatitic granite (total)....| 48 2.20 


Medium-grained granite and| 


32 1.76 

37 2.04 

10 1.50 

Intermediate zone............ 93 

36 
Amphibolitic paragneiss...... . 2 |0.41 
Granitized limestone.......... 1 |2.07 


*Specimens of granite and granite gneiss in 
paragneiss near the contact; some of these may be 
within the batholith, the position of the contact 
not being exactly known in places. 

¢ One specimen 0>f biotitic paragneiss at the 
northwestern contact of pegmatitic granite, not 
included in the average, possessed an activity of 
7.03 alphas/mg./hr. 


Cheddar batholiths are included for purposes 
of comparison. 


CHEDDAR BATHOLITH 


General Geology 


The Cheddar granite mass is a roughly 
elliptical body about 5 miles in the east-west 
direction and 7 miles along the north-south 
axis. The center lies at Long. 78° 10’ and Lat. 
45° 20’, 7 miles southeast by south of Wilber- 
force, Ontario. 
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The Cheddar stock, presumably Algoman jp 
age, is less gneissic and more uniform in texture 
than the granite gneisses which are prominently 
developed in this region, however, while mas. 
sive pink and reddish granites are common, 
gneissoid areas and included patches of the 
invaded schist occur within the mass. Much 
of the border zone is characterized by the de. 
velopment of a pegmatitic facies. The mass 
may be a cupola of a much larger batholith, 
but it is enclosed by sedimentary and volcanic 
rocks, and, whether or not a separate intrusive, 
it seemed of value to study the distribution of 
radioactivity in some detail, particularly since 
radioactive mineral occurrences have been 
found and mined in the Wilberforce district, 
Preliminary radioactivity data (25 samples) on 
other granite bodies in the district suggest that 
the Cheddar mass is more radioactive than 
these rocks, and may have a different origin. 


Petrography 


Several textural and mineralogical facies of 
granite can be recognized within the borders of the 
batholith. The western, southern, and southeastem 
border consists of a rim half a mile wide of pegma- 
titic granite, and small scattered patches of this 
type occur in the interior of the mass, particularly 
in the southern portion. This rock is medium to 
coarsely granular and pink, and consists of quartz, 
microcline, commonly perthitic, together with mag- 
netite, sphene, biotite, muscovite, apatite, zircon, 
and teirmaline; minor alteration products include 
chlorite, epidote, ‘and zoisite. 

A number of facies of medium-grained pink and 
reddish granite occur rather indiscriminately 
throughout the stock. The massive pink granite 
contains about 80 per cent feldspar, 17 per cent 
quartz, and 3 per cent hornblende, biotite, and 
magnetite, with magnetite, sphene and apatite 
present as accessories. 

In the hybrid facies which occupies most of the 
northwestern section of the batholith, small irregu- 
lar patches and aggregates of hornblende and 
biotite constitute up to 15 per cent of the rock, 
scattered throughout a matrix of quartz and feld- 
spar. 


Radioactivity 


The distribution of 200 radioactivity values 
plotted on Figure 7, and summarized in Table 3, 
again shows a relatively radioactive border 
zone except at the northeast boundary of the 
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batholith; this conforms roughly with the dis- 
tribution of pegmatitic granite. The radioac- 
tivity of the massive, foliated, and hybrid 
granite in the interior is somewhat irregular, 
but the average for the central area, 1.1, is 
lower than that for the intermediate zone be- 
tween the core and the border facies, 2.0 alphas/ 
mg./hr. This contrast in radioactivity is not so 
evident on Figure 7 as that between the coarse- 
grained border phase (3.01) and the remainder 
of the batholith (1.86) because of the more uni- 


Ficure 7.—RADIOACTIVITY IN THE CHEDDAR BATHOLITH 


formly high radioactivity of the pegmatitic 
granite near the border. 

In this connection it is noteworthy that the 
scattered pegmatitic granite in the interior is 
not particularly radioactive (1.06); further- 
more, four pegmatites included in the border 
facies averaged 4.62 alphas/mg./hr., nearly 
twice as high as the average for eight peg- 
matites in the interior of the batholith, (2.43). 
Four specimens of the quartz from veins have 
an average activity of only 0.66. 
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The quartz veins, presumably representing 
residual magmatic material, were impoverished 
in radioactivity as were those associated with 
the Elzevir and Bourlamaque batholitks. The 
peak in concentration of radioactive elements 
was reached in associated pegmatites (3.28) and 
dikes of granite and aplite (5.41). The average 
radioactivity of 68 specimens of pegmatitic 
granite (2.2) taken throughout the whole batho- 
lith is only slightly higher than the average for 
113 medium-grained granitic specimens (1.9); 
and this observation, together with petro- 
graphic evidence of deuteric alteration of the 
pegmatitic granite similar to that in the normal 
granite, suggests that the two are contempo- 
raneous facies of the same intrusive. The core- 
border distribution of radioactivity, although 
less pronounced, holds whether the pegmatitic 
granite is developed or not. The pegmatitic 
granite in the outermost zone is nearly three 
times as high as that scattered in the interior 
of the batholith; and the pink granite exhibits 
a radioactivity in its central portion somewhat 
lower than that near its contact with peripheral 
pegmatitic granite. No general relationship was 
noted between composition, color, and texture 
of the pink granite and its radioactivity, al- 
though the more gneissic specimens showed a 
somewhat greater proportion of high values in 
frequency distribution curves. 

While it is clear that the periphery of the 
intrusive is generally more radioactive than 
the core, the distribution of radioactivity is 
somewhat erratic. One reason for this appears 
to be irregularities in the distribution of zircon; 
the most active pegmatite (8.58) contains many 
small crystals of this mineral. In 14 other thin 
sections of granite, a trace of zircon was found 
in only one; and this sample was one of most 
radioactive of medium-grained granites (3.45). 
It should be remembered that the erratic nature 
of the distribution may be more apparent than 
real since the small one-third gram samples 
studied in the laboratory, even though quart- 
ered from large hand specimens, may not be 
truly representative of the outcrop. Such vari- 
ations are generally much smaller than the 
major features of the distribution; for example, 
if one obtained values of 6.0 and 1.5 for two 
specimens of pink granite, it would be nearly 
certain that the former was a dike-rock. Sim- 
ilarly values of 3.0 and 0.8 for pegmatitic 


granite would suggest that the samples came 
from border and core, respectively. 


RaDIO-PETROGENETIC CONSIDERATIONS 
Distribution of Radioactivity in Batholiths 


Contrast between core and contact zones— 
High radioactivities of the border as compared 
to the central area are indicated in six of nine 
intrusives studied in three areas. The contrast 
appears to depend upon erosional level and 
size of the intrusive, the most distinct grada- 
tion in radioactivity being found in the three 
largest areas, the Bourlamaque granodiorite, 
the Cheddar granite, and the Elzevir gray 
granite, all of which have been considerably 
eroded. 

As none of the masses investigated were en- 
tirely uniform, but showed the common varia- 
tion of Precambrian batholiths, it is not sur- 
prising that the results were somewhat erratic. 
When the number of radioactivity determina- 
tions are sufficient to provide a perspective 
view, however, the generalized distribution of 
radioactivity into an active border zone and 
impoverished core seems to be characteristic 
of larger batholiths (Figs. 2, 5, 6). 

In smaller intrusives, the tendency for such 
a distribution seems to be absent, or is obscured 
by local fluctuations in radioactivity from speci- 
men to specimen which may be due to a number 
of causes other than the differentiation into 
core and border’ zones of radioactivity (Keevil 
et al., 1943). 

The results (Table 4) suggest that less active 
cores are not evident in intrusives less than 2 
miles across, and that in intrusives of com- 
parable composition the contrast between core 
and border phases of larger batholiths increases 
with size of the intrusive. 

Effect of active accessory minerals.—Certain 
accessory minerals may account for an appre- 
ciable proportion of the radioactivity of a rock; 
zircon, for example, may be hundreds or thou- 
sands of times as radioactive as the common 
mineral constituents of rocks (Keevil 
1944). It is interesting to note that the rela- 
tively high activity of the aplitic granite is 
associated with numerous pleochroic halos sur- 
rounding zircon grains in biotite, and that only 
minor amounts of zircon were observed in the 
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RADIO-PETROGENETIC CONSIDERATIONS 


other intrusive rocks represented in the Elzevir 
composite batholith. Similarly, two exception- 
ally high values for the activity of the Bourla- 
maque granodiorite (2.16 and 1.84) were asso- 
ciated with relatively high zircon content; and 
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Effects of granitization—At a number of 
places where granitization of invaded rocks 
occurred, higher than normal activities for the 
basic volcanics were observed. In some in- 
stances, radioactive elements appeared to have 


TABLE 4.—DIFFERENTIATION OF RADIOACTIVE ELEMENTS AS A FUNCTION OF S1zE OF INTRUSIVE 


Bourlamaque, Que. 

Grainodiorite batholith................. 6.5 3 6 

Elzevir Tp., Ont. 

Monmouth Tp., Ont. 

5 2.5 2.8 


* Distinct contrast between core, intermediate and border zones. 
+ Border phase low here due to assimilated volcanics of low activity. 


two values in the Cheddar stock, three times 
the normal radioactivity, were from the only 
specimens found to contain zircon. 

Influence of invaded rocks.—Although the 
core-border radioactivity relationship is not de- 
termined by assimilation of invaded formations, 
local effects of contiguous rocks upon the radio- 
activity of the intrusives were noted in a num- 
ber of instances. For example, in the south- 
eastern part of the Bourlamaque batholith 
where the intrusive is locally more basic, ac- 
tivities of 0.26 and 0.34 alphas/mg./hr. were 
obtained, considerably lower than the average 
value, 0.696, for the border zone. Similarly in 
the Elzevir batholith, a number of border 
rocks with the lowest radioactivities in a fairly 
consistently active outer zone are the result of 
the local development of a more basic facies 
near the contact, where values of 0.03, 0.13 and 
0.14 alphas/mg./hr. were found. The contami- 
nated granitic rocks near the contact with the 
intruded schists at the northeastern border of 
the Cheddar stock are less radioactive than the 
average granite. 


been introduced where little influence of the 
intrusive was visible in the field. To the south- 
east of the Bourlamaque batholith, specimens 
of lavas and volcanics, normally considerably 
less radioactive than 0.1 alphas/mg./hr. in this 
region, possessed activities as high as 0.55. It 
is possible that radioactive elements were in- 
troduced by relatively highly radioactive deu- 
teric solutions derived from the albitic granodi- 
orite magma. 

In the Elzevir batholith, the variation of 
radioactivity in the gradational contact zones 
presents a rather special case of the influence 
of granitic magmas on invaded rock. Granitiza- 
tion of the diorite near Flinton, for example, is 
believed to account for its relatively high 
radioactivity. 


Radioactivity of Differentiation Series 


Basic to acidic rocks—The closely related 
intrusives comprising the Elzevir mass provide 
an interesting series from early diorite through 
syenite to later granites of increasing acidity, 


|| 
4 
TIONS 
‘ompared 
x of nine 
contrast 
evel and 
t grada- 
he three 
odiorite, 
vir gray 
iderably 
were en- | 
varia- 
not sur- 
erratic. 
ermina- 


146 INGHAM AND KEEVIL—RADIOACTIVITY OF BATHOLITHS 


ending with pegmatites and veins as the final 
phase of magmatic activity. The concentration 
of radioactive elements increases until the peg- 
matitic stage is reached, and is insignificant by 
the time the vein-forming fluids are developed 
(Table 5). 


TABLE 5.—RADIOACTIVITY OF THE DIFFERENTIATES 


Proportion 
of radio- 
activity of 


* The sequence of these closely related granitic 
rocks is uncertain but the white is younger than 
the gray granite and a dike of red granite cuts 
syenite; the gray granite is intimately related with 
the diorite which is intruded by dikes of the red 
granite and syenite, but is in gradational contact 
with the more massive facies of these rocks. 


Although the later acidic rocks are most 
radioactive, the total radioactivity of these 
masses accounts for only 20 per cent of the 
radioactive elements associated with the pri- 
mary magma. The gray granite of intermediate 
activity accounts for two thirds of the original 
radioactivity of the batholith as a whole. 

Older to younger rocks—In the Elzevir series, 
the younger members, as we have seen, are 
most highly radioactive. Older lavas in the 
region are much less radioactive, but it is of 
some interest to compare the radioactivity of 
the Elzevir granite with earlier intrusives of 
comparable composition in the region. The 
only granitic rock of proven antiquity is repre- 
sented by pebbles in the Hastings conglomerate 
intruded by the Elzevir batholith. The radio- 
activity of a pebble of granite gneiss from this 
formation in southeastern Elzevir township was 
found to be considerably less than the younger 
granites (0.36 alphas/mg./hr.), confirming the 


general rule indicated by earlier and unpub- 
lished work that the younger granites of a 
region tend to be more radioactive. 

Local differentiation—lIt is difficult to assess 
the importance of local differentiation, because 
local changes in composition may also result 
from assimilation and granitization processes, 
However, the white granitic facies of the Elzevir 
batholith grades near the center of the mass 
into a quartz-rich, salmon-colored granite. The 
pink rock is more radioactive (1.35) than the 
central area of white granite (0.78), suggesting 
that the more potassic pink phase may repre- 
sent the incipient stage of the next step in the 
differentiation series following white granite. 

Use in petrological correlation —A survey of 
the data for the Elzevir composite batholith 
shows that the radioactivity changes from one 
member to another in a characteristic fashion 
which serves to distinguish them about as well 
as their macroscopic differences and mineral- 
ogical compositions. For instance, at the south 
contact of the white granite, the activity is 1.26, 
whereas that of the adjoining core of the gray 
granite is 0.39. Similarly at the northern con- 
tact, the white granite possesses an activity of 
1.50 as compared to 0.55 for the adjacent gray 
granite. At the contact between gray and 
aplitic granite, the activity changes in several 
places from 0.45 to 1.30, from 0.49 to 2.05, 
and from 0.43 to 2.16. 

These examples suggest that radioactivity 
might be used occasionally as a tool in corre- 
lating igneous rocks. 


SIGNIFICANCE IN GEOTHERMICS 
Radiogenic Heat 


While determinations of the radioactivity of 
rocks provide one of the most sensitive means 
of studying the geochemistry of the heaviest 
elements, they are perhaps most important in 
providing data on rate of production of radio- 
genic heat in the earth’s crust (Eq. 2). 

The uppermost granitic layer of major im- 
portance in determining the rate of cooling of 
the earth is known to be variable in thickness 
and in radioactivity. In the two regions studied, 
seismological evidence is not yet complete 
enough to determine the thickness of the gran- 
itic layer, but it is likely that they are not 
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much different. The radioactive heat-producing 
powers, however, differ considerably. 

Elzevir and Cheddar areas, Southeastern 

Ontario: 2.9 cals./gm./M.y2 

Bourlamaque area, Western Quebec: 0.8 

cals./gm./M.y. 

The present surface heat flow depends largely 
on the radioactivity of the uppermost layers of 
the earth and is known to vary from region to 
region. It may be predicted, therefore, since 
the thermal conductivities of granite and gran- 
odiorite are not much different, that the surface 
heat flow in the Elzevir district is somewhat 
higher than that in the Bourlamaque area. In 
other words, if these masses are characteristic 
of large areas, the geothermal gradient in 
southeastern Ontario should exceed that in 
western Quebec. 

Local differences in radioactivity such as are 
exhibited between the periphery and core of 
batholiths are probably of negligible effect upon 
major geothermal features such as the geo- 
thermal gradient. They may, however, play a 
small part in the particular geothermal history 
of the batholith. Consolidation of the magma 
at depth is undoubtedly a slow process and 
may require several million years. Near the 
final stages, the peripheral facies will contain 
a higher concentration of radioactive elements, 
and the neighboring rocks will be nearly in 
thermal equilibrium with the intrusive. The 

contribution of radiogenic heat would undoubt- 
edly delay solidification slightly, the effect be- 
ing greater the slower the crystallization proc- 
ess. This effect, though small, might be enough 
to influence the delicately balanced equilibrium 
in the final stages of consolidation, and may 
allow more complete differentiation and accu- 
mulation of metals from batholiths with a rela- 
tively highly radioactive border. It may also be 

a factor in assisting syntexis during magma 

emplacement. 

The concentration of radioactive elements in 
the outer rim may also play an important role 
in the isostatic sinking and refusion of batho- 
liths. The contrasts observed between the core 
and border zones are sufficient to permit the 
remelting of the border before the core in the 
first stages of refusion. These considerations 
are purely hypothetical, the magnitude of such 


? Million years (M.y.). 
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effects would depend upon rates of differentia- 
tion, rates of heat transfer, and on the relative 
importance of convection currents. 


Representative Sampling 


In the general study of the distribution of 
radioactivity in the rocks of the earth’s crust, 
representative sampling is necessary to obtain 
reliable average radioactivities. Geologists, in- 
terested primarily in mapping contacts, mar- 
ginal facies, and deposits around the borders of 
batholiths, are prone to collect samples of 
special interest near the border, rather than 
from the interior of the mass. This may be a 
contributing cause of the high average radio- 
activities indicated by early work. 

To know the section of the batholith repre- 
sented by the present erosional level, is im- 
portant in estimating the radioactivity char- 
acteristic of the batholith at depth. Intrusives 
which have experienced only shallow erosion 
may be expected to yield considerably higher 
radioactivities than comparable masses which 
have been deeply eroded. 

The influence of invaded rock must also be 
evaluated. Even where hybrids or contami- 
nated facies are not evident at the margin of 
intrusives, it is desirable to study specimens 
of country rock both adjacent to the batholith 
and beyond the influence of invading magma. 


SUMMARY OF CONCLUSIONS 


(1) A concentration of radioactivity toward 
the outer margin of batholiths, not related to 
invaded rock, has been shown in six of nine 
intrusive studies in three areas. 

(2) The difference in radiogenic heat-produc- 
ing power of the rocks in southeastern Ontario 
(2.9 cals./gm./M.y.) and western Quebec (0.8 
cals./gm./M.y.) should lead to observable dif- 
ferences in the geothermal gradient and the 
present surface heat flow. 

(3) Representative sampling of batholiths 
for radioactivity investigations requires atten- 
tion to all exposed parts, examination of in- 
vaded rock, and knowledge of the section 
represented by the present erosional level. 

(4) In the series of related intrusives com- 
prising the Elzevir composite batholith, an in- 
crease in specific radioactivity was found in 
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the change from basic to later acidic rocks, 
culminating with pegmatites; an intermediate 
gray granite, however, accounted for 64 per 
cent of the radioactivity of the primary magma. 

(5) Characteristic radioactivities of members 
of an intrusive series may be used as a criterion 
for correlation. 
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STRUCTURAL ANALYSIS OF THE WEST BORDER OF THE DURHAM 
TRIASSIC BASIN 


By Joun W. HarriNcTon 


ABSTRACT 
The Durham Triassic Basin in Piedmont North Carolina is a lowland area floored with Triassic rocks 


and defined on the east and west by older Paleozoic slates and Carboniferous granites. A narrow strip along 
the western border of the sediments was mapped, and the relationship of the pre-sedimentation and post- 
sedimentation structural features determined. A reconnaissance method of multiple-surface analysis was 
used which suggests that linears in the Triassic-crystalline contact are buried fault scarps. The method 
was also applied to the graphic solution of two otherwise indeterminate rotational fault problems. A figure 
of 1800 feet is established as the probable minimum amount of erosional stripping in the basin and on the 
Piedmont since faulting. An integrated structural and geomorphic history for the formation and erosion of 
the western part of the basin is developed. Evidence suggests that the basin was never much wider than 
its present western limit and certainly did not extend as far west as t. Dan River Triassic Basin. 
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INTRODUCTION 


The Durham Triassic Basin in Piedmont 
North Carolina is one of the familiar faulted 
and filled graben structures which have been 
mapped from South Carolina to Nova Scotia. 
This basin extends southwestward from a point 
near Oxford in Granville County through Dur- 
ham, Orange, and Chatham counties to a point 
in northern Lee County, where it blends with 
the Deep River Triassic Basin. The area investi- 
gated (Fig. 1) includes the western border facies 
of the sediments and a narrow belt of the 
adjoining crystallines. These more resistant 
rocks have been maintained as a low scarp 
which separates the basin plain from the beveled 
Piedmont surface. Relief varies from a mini- 
mum of 50 feet on a very gentle slope to a 
maximum of 350 feet with local slopes as high 
as 13°, 
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STRATIGRAPHY 

The stratigraphic and lithologic descriptions 
have been given by a number of workers. 
Holmes and Kerr in their Geologic Map of 
North Carolina (1887) grouped the metamor- 
phosed and highly heterogeneous conglomer- 
ates, tuffs, breccias, igneous intrusives, vol- 
canics, and apparently varved sediments as 
members of the Carolina Slate Series. On the 
Geologic Map of North America (Stose, 1946) 
they are correlated as Palezoic volcanic slates. 

Intruding the slates are a number of equally 
heterogeneous phanerites which range from 
granite to diorite over very short distances. 
Xenoliths and cognate inclusions suggest that 
some of the variation may be due to assimilation 
of the heterogeneous slates. These intrusives 
have been correlated by Stose as Carboniferous 
in accord with similar intrusives of the other 
Atlantic States. 
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Triassic diabase dikes and sills are the 


flecting the source material and conditions of 


youngest igneous rocks in the area. One large deposition. Fanglomerates are common along 


sill is 100 feet thick with perhaps 30 or 40 feet 


the great Jonesboro fault bordering the basin on 


FicurE 1.—Map oF THE NortTH Triassic BasINs 
The investigated area is included inside the dotted line. 


of its upper portion eroded. The dikes vary in 
thickness from a few inches to nearly 100 feet. 

The Triassic sediments have been adequately 
described by Emmons (1856), Holmes and Kerr 
(1887), Russell (1892), Campbell and Kimball 
(1923), Goldston and Stuckey (1930), Prouty 
(1931), and most recently for the Deep River 
Basin by Reinemund (1949). In general they 
are red to buff arkosic sandstones, shales, and 
conglomerates with special characteristics re- 


the east but are notably absent along the 
western border except at its juncture with the 
eastern fault. 

Some of the streams which enter the basin 
from the west are flanked with terrace deposits 
as much as 40 feet thick. These are believed to 
be associated with the highest Coastal Plain 
terrace reported by Cooke (1930), and ac- 
cordingly correlated as late Pliocene or Pleisto- 
cene. Lower flood-plain deposits are of recent 
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origin. The relationships of these various litho- 
logic units are shown on the geologic map 
(Pl. 1). 
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outcrop of the Triassic sediments. One surface 
of each orientation was selected from each out- 
crop. Measurements of the strikes and dips of 
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MUuLTIPLE-SuRFACE ANALYSIS 


The geologic map shows that the border of 
the Durham Basin is marked by a number of 
very definite linears. An evaluation of these as 
unconformities and post-sedimentation faults 
was considerably facilitated by a reconnaissance 
system of the multiple-surface analysis de- 
veloped by White (1948). The multiple-surface 
record consists of literally thousands of manga- 
nese oxide and colloidal clay casts of the slick- 
ensided fault planes. These occur both in the 
saprolite mantling the crystallines and in one 


Ficure 2.—ILLUSTRATION OF MULTIPLE-SURFACE ANALYSIS 
tic section of a small graben with the multiple-surface record for each footwall show 
ing by dots the poles to the planes and by arrows the inferred direction of movement. 


the planes and slickensides were plotted as 
stereographic projections. These were compared 
by inspection to the border lineations to deter- 
mine the first approximation of the degree of 
correspondence. 

The method is qualitative in that no measure- 
ments of the amount of displacement, the 
number of faults of the same strike, or the time 
of faulting were made. The only justifiable 
implication is that faulting occurred along a 
measured strike. Figure 2 illustrates the method 
and its interpretation in terms of adjacent 
structure. The small graben of Triassic sand- 
stone between granite walls is reflected by the 
arrangement of the poles to the planes, and the 
arrows suggest the direction of movement. 


Drvision Into StrucTuRAL UNITS 


To determine the relationships between the 
multiple-surface record and the mapped struc- 
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are superposed over the border linears. The n 


umbered segments mark the zones from which the multiple-surface record 
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was collected. 


tures, the western border of the Durham Basin 
was divided into three entities based on the 
character of the Triassic-crystalline contact. 
Structural unit 1 extends from the southern 
end of the basin across Chatham County to 


Geologic boundary 


———-— Average strikes refiected in the 
multiple surface record 


Scole 


' 3 amiles 
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show a contrast of lithologic type both in the 
conformable and downfaulted position. The 


faulting dropped fine-grained sediment from the 
lens and pocket area into contact with the 
crystallines. 


Muitipte Surfoce Record 


Ficure 4.—Map or StructuraL Unit 2 
Average strike lines are superposed over the border linears. The numbered segments mark the zones 


Southern Orange County (Fig. 3). The Triassic- 
crystalline contact in this area is marked by a 
subrounded pebble and boulder conglomerate 
which rests upon the crystallines. The con- 
glomerate seems to have been deposited in 
response to a change in gradient of the streams 
entering the Durham Basin from the west 
during Triassic time. The finer-grained sedi- 
ments to the east reflect what Cotton (1941) 
has described as lens and pocket stratification 
on basin plains. Two post-sedimentation ro- 
tational faults in the central part of the unit 


from which the multiple-surface record was collected. 


Structural unit 2 extending northward across 
Orange County to the sill in the vicinity of 
Durham (Fig. 4) comprises a series of post- 
sedimentation normal faults which mark the 
contact between the sediments and crystallines. 
Several small horsts of slate and granite sur- 
rounded by Triassic sandstone lie east of the 
border faults. Two grabens also show Triassic 
sandstone center blocks lying as isolated units 
in the slates west of the main border faults. 
The sandy textures and rarity of coarse com- 
ponents suggest very strongly that sediments 
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in this unit represent a segment of the lens and 
pocket depositional facies which has been 
lowered into its present position. The implica- 
tion is also that any coarser conglomeratic 
facies must have been eroded from the footwall 
blocks west of the present border faults. 

Structural unit 3 extends northeastward 
across Durham and Granville counties to the 
intersection of the western border of the Dur- 
ham Basin with the Jonesboro fault which 
marks the eastern border (Fig. 5). The Triassic- 
crystalline contact in an unconformity with a 
pebbly conglomeratic facies resting on the 
eroded slates and granites. At the extreme 
northern end of the basin the rounded pebbles 
give way to a coarse red fanglomerate. The 
massive nature of the conglomerates and their 
lack of regular bedding leads to the irregular- 
shaped outcrop areas of the thick sills which 
occur in this unit. 


PossIBLE REFLECTIONS OF THE BORDER 
STRUCTURE IN THE MULTIPLE- 
SuRFACE RECORD 


Table 1 records coincidence between the 
strikes of border linears and the multiple- 
surface record. The linears of structural units 1 
and 3 are primarily composed of lines of un- 
conformity. The percentages of coincidence for 
these two units are appreciably lower than for 
unit 2 where the linears are due to post-sedi- 
mentation faulting. These figures agree with a 
hypothesis linking the multiple-surface record 
with both pre-sedimentation and post-sedimen- 
tation faulting. The lower values might be 
construed to reflect the effect of erosion on the 
fault scarps before burial. 

The data at best suggests a genetic relation- 
ship among the linears, the multiple-surface 
record, and the geological history of the area. 


Use OF THE MULTIPLE-SURFACE RECORD IN 
THE ANALYSIS OF ROTATIONAL FAULTS 


The two post-sedimentation rotational faults 
in the central part of structural unit 1 are 
quantitatively indeterminate on the basis of 
normal field evidence. The down-faulted sedi- 
ments are irregularly cross-bedded, and ex- 
posures of the fault planes were poor. The 
multiple-surface records for these areas (Fig. 6) 
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supplied the dips of the fault planes and the 
directions of movement on the planes. With 
this data and an estimate of the original slope 
of the floor of deposition the problems were 
solved. A slope of 8°E. was selected as repre- 
senting the probable magnitude, based on evi- 


TABLE 1.—PERCENTAGE OF COINCIDENCE BEWTEEN 
THE STRIKES OF THE BorDER LINEARS AND 
THE MULTIPLE-SURFACE RECORD 


Tolerance | Tolerance 
Structural Unit all 
side side 
ONE 63 73 
Linears largely lines of uncon- 
formity 
TWO 74 100 
Linears largely lines of post- 
sedimentation faulting 
THREE 41 67 
Linears largely lines of uncon- 
formity 


dence from a deep water well in Durham and 
from local slopes which may stand under the 
present conditions of weathering and erosion. 
The results indicate that Triassic sediments 
have been displaced downward at least 1800 
feet at the eastern crystalline prominence of 
the southern fault and 1300 feet at the eastern 
crystalline prominence on the northern fault. 
These figures are equally valid as minimum 
estimates of the amount of erosion in this part 
of the Piedmont ‘since faulting. 

A number of factors of error could affect the 
data and the results. These have been examined 
rather carefully for the larger fault and their 
effects calculated. If the estimate of the deposi- 
tion slope is too small the throw would be 
increased. A slope of 13° would give a calcu- 
lated throw of 3200 feet. The conservative 
figure is believed to be more accurate. If the 
minimum slope set by the deep well is used the 
throw would be only 1000 feet. This figure is 
believed to be too small on the basis of the 
original cover necessary for the thick sills 
which have been intruded into the rocks of 
unit three. Errors of as much as 19° in the dip 
of the fault plane would change the throw by 
only about 100 feet. If the isolated crystalline 
mass shown in Plate 1 and Figure 4 is included 
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in the length of the fault, the throw would be 
increased to 2680 feet. 

Reinemund (1949) calculated a throw of 
about 1500 feet for a similar fault striking in 


A 


Diagram A is 


the same quadrant and only a few miles to the 
southwest. His determination was made on the 
basis of surface mapping and an extensive core- 
drilling program. 


GEOMORPHOLOGY 


The geomorphic, sedimentary, and structural 
histories of the basin are very closely integrated. 
The facies and post-sedimentation faults show 
that a westward extension of the basin existed 
before faulting. The question is whether this 
extension was great enough to include the Dan 
River Triassic Basin (Fig. 1) and support the 
well-known broad-warp hypothesis postulated 
for the Triassic Basins of Eastern North 
America. Wheeler summarizes this (1937). The 
fault analysis indicates that the basin need 
have been no more than 2} miles wider than 
at present to accommodate the eroded sedi- 
ments. The conglomeratic border facies seems 
to have been deposited in response to gradient 
change where sediment-laden streams entered 
the basin. The materials are apparently of a 
local origin and show no evidence of having 
been deposited in an extremely large basin and 


a 
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from a far distant source. The only mineral 
observed in the fill which is not represented in 


abundance among the western crystallines is d 


rather coarse-grained muscovite. Presumably 4 


B 
FIGURE 6.—MULTIPLE-SURFACE RECORD FOR THE ROTATIONAL FAULTS 
P is the weighted position for the average pole. S is the weighted position for the average slickenside 


record for the Southern fault. Diagram B is the data for the Northern fault. 


the source of this material was a micaceotll 
granite or schist in the portion of the Piedmont 
now completely eroded. 

A chronological history may well begin with 
the normal faulting responsible for the develop: 
ment of the basin in Triassic time. Deposition 
accompanied and followed the faulting and 
erosion of the original fault surfaces. The result 
was a burial of fault scarps and perhaps the 
preservation of the general fault strikes a 
unconformity linears. Post-sedimentation nor 
mal faulting dropped finer clastics against the 
crystallines often depressing conglomeratit 


facies below the present erosion level. The 4 


erosional stripping of the basin was controlled 
by a slow degrading of the temporary base level 
imposed on eastward-flowing streams by the 
crystallines on the Atlantic side of the basiti 
One excellent example of superposition ané 
examples of stream capture may be seen Of 
the geologic map. The superposition is showm 
by the courses of the Haw River and Deg 
River as they cross alternate bands of easily 
eroded sediments and hard slates as they ente® 


the main basin in structural unit 1. The sega 


ment of New Hope Creek which flows soutit 
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GEOMORPHOLOGY 


ward along the west border scarp is believed 
to be an old tributary to the Haw River that 
worked headward during the etching of the 
basin to its present level. In this process it 
apparently tapped Morgan’s Creek and the 
eastward-flowing segment of New Hope Creek 
in Orange County. Both of these streams show 
deep entrenched meanders in what is now the 
crystalline border scarp. This is certainly sug- 
gestive of their adjustment to an old age course 
following the eastward trend perhaps even into 
the Neuse River system before rejuvenation 
and capture. 


A much later period of aggradation is marked 


by the deposition of the older alluvium. The 
present drainage systems were well established 
by this time. More recent uplift has permitted 
the entrenchment into these deposits so that 
they remain only as terraces. 


CoNCLUSIONS 


(1) At least 1800 feet of Triassic sediments 
and a similar thickness of the Piedmont crys- 
tallines have been eroded since the time of 
rotational faulting. 

(2) The Durham Basin probably never ex- 
tended very far west of its present position. 

(3) The technique of multiple-surface analy- 
sis developed by White offers a new tool for 
the solution of structural problems in the south- 
eastern Piedmont where thick saprolite mantles 
and hides the rock. The value of the method 
has been partially shown by the application of 
multiple-surface data to the quantitative solu- 
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tion of faults and in the suggested interpretation 
of border lineations. 
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iDIFFERENTIATION IN LAVAS OF THE KEWEENAWAN SERIES AND 
THE ORIGIN OF THE COPPER DEPOSITS OF MICHIGAN 


By Henry R. CorRNWwALL 


ABSTRACT 


Five lava flows in the Keweenawan series of the Michigan copper district have been studied and chem- 
cal analyses made, with special attention to: (1) chemical and mineralogic variations within the upper, 
begmatitic portions of the flows; (2) processes of differentiation; (3) comparison of the types of rocks found 
vithin a single flow with the types of flows that make up the lava series; (4) the relation of differentiation 


li, the flows to the origin of the copper deposits. 


The primary factors in the differentiation of the flows were probably: (1) cooling at a moderate rate, and 
predominantly from the top; (2) crystal sorting by differential settling; (3) migration and local concentra- 
tion of volatiles; (4) periodic convective overturn of the magma. Convection currents probably were not 
Sumactive in the thinner flows and may not have been in the thicker. Alternate hypotheses have been pre- 
sented, one assuming that convective overturn was important, the other that it was not. 

All types of flows in the series can be approximated by differentiation products of the Greenstone flow, 
indicating that all the flows could have been differentiated from a magma similar to, but perhaps slightly 


more mafic than, that of the Greenstone flow. 


= In considering the origin of the copper deposits, the writer has briefly reviewed the literature and pre- 

sented new evidence. The following modes or origin of the deposits appear still open to consideration: (1) 
The deposits are epigenetic, and formed by deposition from hot solutions ascending from an underlying 
intrusive. (2) The deposits are the result of a combination of syngenetic and epigenetic processes. Primary 
= concentrations of copper in fumaroles, thermal springs, or playa lakes were reworked by later, ascending 
igneous emanations. (3) The amygdaloidal deposits are primarily syngenetic and have been only moderately 


modified by the action of later ascending solutions. 
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Plate 


flows of the Keweenawan series, Michigan 
copper district 

. Ophitic basalt 

. Pegmatitic facies 

. Geologic map and section of a pegmatitic 
lava flow at South Range Quarry, Houghton 
County, Michigan 


INTRODUCTION 
General Geology 


The writer has made a detailed petrologic 
and chemical study of five lava flows of the 
Keweenawan series that crop out on the Ke- 
weenaw Peninsula of upper Michigan in Hough- 
ton and Keweenaw counties (Pl. 1). 

The native copper deposits of the Michigan 
copper district occur in basaltic lavas and in- 
terbedded felsitic conglomerates of the Kewee- 
nawan series that underlie the Keweenaw 
Peninsula of upper Michigan. The flows and 
sedimentary rocks dip northward, forming the 
southern flank of a large structural basin that 
is occupied by Lake Superior. These Kewee- 
nawan rocks are bounded on the south by a 
prominent, northward-dipping thrust fault. In 
the Michigan copper district, this fault, known 
as the Keweenaw fault, separates the Keweena- 
wan series from the younger Jacobsville sand- 
stone of Cambrian or Precambrian age. 

The copper deposits and the flows studied 
by the writer occur in a part of the Keeweena- 
wan series that is composed predominantly of 
lava flows. This part ranges in thickness from 
about 8000 feet at the west end of the district 
to 15,000 feet at the east end. It is overlain to 
the north by a series of conglomerates and 
sandstones with minor interbedded lavas and 
is bounded on the south by the Keweenaw 
fault. 


Classification of Lavas 
The bulk of the flows in the Keweenawan 


series of the Michigan copper district are basalts 
and basaltic andesites. Other types range from 


olivine-rich basalt through sodic andesite to 
rhyolite. A megascopic textural classification 
of the lavas and their differentiates, widely 
used in the district, gives a fair indication of 
the variation in chemical composition. Textural 
terms used to describe flows or parts of flows 
are: ophite, porphyrite, glomeroporphyrite, mel- 
aphyre, felsite, and dolerite (Lane, 1909; Butler, 
Burbank, e al., 1929; Broderick, 1935). 

Ophite. Crystals of pyroxene inclosing u- 
oriented, euhedral plagioclase laths produce a 
mottled effect distinguishable on freshly broken 
surfaces, especially those of drill cores, and 
accentuated by weathering (Pl. 2). Ophitic 
texture is best developed in the more mafic 
flows. 

Porphyrites and glomeroporphyrites contain 
phenocrysts of plagioclase which tend to cot 
together,in the glomeroporphyrites. 

Flows that are fine-grained throughout and 
have no distinctive texture are called mé- 
aphyres. 

The felsites are reddish, fine-grained, equi 
granular or porphyritic rhyolitic rocks. Few 
small flows and intrusives have been seen, but 
felsite is the most prominent constituent in 
interbedded conglomerates. 


In some of the thicker ophites and a few of 
the thicker porphyrites and glomeroporphyrites | 
including the five flows described in this paper, | 
the upper parts contain layers, lenses, or it- 7 


regular masses in which the minerals, especially 
the plagioclases, are coarser-grained than in 
the surrounding rock, and are more or less 
intensely altered to albite, prehnite, chlorite, 
epidote, and pumpellyite. This altered rock is 
commonly amygdaloidal. These layers, lenses, 
and spots of altered, amygdaloidal, coarse 
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grained rock have been called “dolerites”’ by 


previous workers. The term is confusing because 
“dolerite” is widely used in a different sense. 
W. Q. Kennedy (1933) uses the term “pegma- 
titoides”, but this term is cumbersome and 
perhaps unfamiliar. The noun “Ppegmatitic fa- 
cies” and the adjective “pegmatitic” will be 
used here. 

Under the writer’s classification (Table 1) 
the ophites are predominantly basalts, whereas 
the porphyrites, glomeroporphyrites, and mel- 
aphyres are predominantly basaltic andesites. 
The pegmatitic rocks have the composition of 
“albite diabase”’. 

To correlate the textural terms of the Mich- 
igan copper district with the more common 
mineralogical terms, the writer proposes to use 
the mineralogical name with a textural adjec- 
tive modifier wherever possible. For example 
an ophite with the composition of basalt will 
be called “‘ophitic basalt”, or a glomeropor- 
phyrite with the composition of andesite will 
be called “glomeroporphyritic andesite.” 


Purpose of Investigation 


The purpose of this study was to get new, 
more-detailed information on the differentia- 
tion of the flows, and to determine, if possible, 
the relation of this differentiation to the oc- 
currence of copper. Particular attention was 
paid to the pegmatitic portions of the flows 
studied, and differentiation trends in the suc- 
cessive pegmatitic layers within single flows 
were carefully investigated. 


‘Field and Laboratory Work 


The studies of three of the flows containing 
pegmatitic zones were based entirely on sam- 
ples and specimens of diamond-drill core from 
holes that completely crossed each flow. These 
flows are the “Big” trap, an ophitic basalt 
immediately above the Kearsarge conglomer- 
ate, and the Mandan flow (PI. 1). 

A fourth flow, the Greenstone flow, was 
mapped during the summer of 1944, and suites 
of specimens were collected at a number of 
points throughout its thicker portion from 
Allouez (Pl. 1, loc. 7) east to the end of Ke- 
weenaw Point, a distance of 35 miles. It was 
also studied and sampled in a crosscut in the 


Quincy mine, 14 miles southwest of Allouez. 
A series of three diamond-drill holes cut the 
Greenstone at Delaware, where it is 1300 feet 
thick. T. M. Broderick (1935) sampled the core 
from these holes for his study of its differentia- 


TaBLeE CLASSIFICATION UsED 
IN THE MicHIGAN Copper District 
Following the quantitative mineralogical classifi- 
cation of A. Johannsen (1939). 


Textural classification Mineralogical classification 
ophite basalt* 
andesite 
glom«roporphyrite basalt 
andesite* 
dacite 
porphyrite basalt 
andesite* 
dacite 
melaphyre basalt 
andesite* 
dacite 
rhyodacite 
felsite rhyolite 
aplite differentiate granodiorite aplite 
of doleritic ophite 
dolerite (pegmatitic albite diabase 
facies of basalt) 


*Predominant rock type of textural type. For 
example, ophites are predominantly basalts. 


tion, and the writer also logged and sampled 
the cores. 

A fifth flow studied, an ophitic basalt at the 
South Range quarry, was sampled and mapped 
in detail. This flow is completely exposed on 
three faces cut in a glaciated hill, and approx- 
imately 50 per cent of the intervening hill top 
is exposed. 

In the course of this study 222 thin sections 
were studied, and 125 modal analyses and 13 
chemical analyses were made. In sampling for 
the chemical analyses of the pegmatitic layers 
in the Greenstone flow, half of the core length 
was split and the whole split was used; for the 
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“Big” trap the entire core of the pegmatitic 
layer was split and the whole split used. 


Previous Work 


Petrologic and petrographic studies of the 
lavas of the Michigan copper district have 
been made by Pumpelly (1873), Marvine 
(1873), Irving (1883), Hubbard (1898), Lane 
(1909), Butler, Burbank ¢ al. (1929), and 
others. More recently T. M. Broderick (1935) 
studied the differentiation of single flows and 
discussed possible differentiation within the 
magma chamber, using detailed geochemical 
data for the first time. Using Broderick’s sam- 
ples and data, E. B. Sandell and S. S. Goldich 
(1943) have studied the distribution of rarer 
metallic constituents. 
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CHARACTERISTIC FEATURES OF FLows WITH 
PEGMATITIC SEGREGATIONS 


Introduction 


Flows with pegmatitic segregations make up 
only a small proportion of the total thickness 


of Keweenawan lavas, but they are found in 
all parts of the stratigraphic column. They 


reveal a more advanced stage of differentiation | 


than the more common flows without pegma- 
titic segregations and therefore provide more 
evidence concerning the nature of the differen. 
tiation processes. 

The five flows studied in detail by the writer 
may be fairly taken as representing this type 
of flow. 

The flows with pegmatitic segregations have 
three distinct layers or zones. The lower half 
of each flow is ophitic basalt, here referred to 
as the “ophitic basalt zone”. Above this zone 
and extending nearly to the top is the “peg. 
matitic zone”, an alternation of layers of peg- 
matitic rock with layers of ophitic basalt. The 
rock in the uppermost 3 to 25 feet of each flow, 
above the pegmatitic zone, is amygdaloidal as 
in all types of Keweenawan lava flows, and 
this rock is called “amygdaloid”. Two of the 
flows studied have scattered small concordant 
or discordant aplite dikes. 


Ophitic Basalt 


Ophitic basalt is the sole constituent of the 
ophitic basalt zone and the major constituent 
of the pegmatitic zone. Principal minerals ina 
typical flow are labradorite (Ang_75), augite, 
and moderate amounts of olivine. In addition 
to augite, certain flows contain small amounts 
of hypersthene and pigeonite. Common acces- 
sory minerals are ilmenite, magnetite, hematite, 
and chlorite. Ophitic basalt is dark green or 
gray (For photographs and photomicrographs 
of typical specimens see Butler, Burbank 
1929, p. 36, Pls. 56, 57). 

The pyroxene is generally fresh but locally 
slightly altered to chlorite and hematite. Pla- 
gioclase is slightly to moderately chloritized. 
Olivine is nearly completely altered to chlorite, 
serpentine (variety bowlingite), iddingsite, mag- 
netite, and hematite. 

Optical data indicate that the plagioclase is 
more calcic (Tables 7-12) in the ophitic basalt 
zone than in the ophitic basalt of the overlying 
pegmatitic zone. The ng index of augite is quite 
uniform in all the flows studied, ranging from 
1.691 to 1.704. Fresh olivine was found only 
in the Greenstone flow where its ng index ranges 
from 1.727 at a point 150 feet above the base 
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of the flow to 1.741 at a point just above the 
middle of the flow. This represents a change of 
composition from FouFass near the base to 
FossFae near the middle of the flow. 

In all the flows, the grain size of the ophitic 
basalt is coarsest near the center of the flow 
and decreases both upward and downward. 
The largest ophitic pyroxene crystals range 
from 50 mm. across in the thickest flow to 10 
mm. in the thinner flows. In several of the 
flows, the ophitic basalt contains scattered 
plagioclase phenocrysts. The phenocrysts are 
commonly about 2 mm. long by 0.75 mm. 
wide, but in the Greenstone flow the largest 
phenocrysts are 15 mm. long. 

Pegmatitic Facies 

Pegmatitic facies interlayered with ophitic 
basalt characterize the pegmatitic zone of a 
typical flow. The pegmatitic material occurs 
in layers or lenses that range from 1 inch to 
over 50 feet thick and are oriented parallel to 
the plane of the flow. A flow normally contains 
6 to 15 pegmatitic layers, and the total amount 
of pegmatitic material is 10 to 20 per cent of 
the pegmatitic zone. 

The pegmatitic facies is notably coarser- 
grained than the ophitic basalt with which it 
occurs, and the texture is not ophitic (Butler, 
Burbank, ef al., 1929, p. 36, Pl. 56). The pre- 
dominant mineral is albite-oligoclase (Ans_is) 
which occurs in euhedral laths with average 
lengths of 1 to 4 mm. and gives the rock a 
white or pinkish color. The interstices between 
the plagioclase laths are filled by augite, il- 
menite, magnetite, chlorite, and apatite. Scat- 
tered vesicles throughout the rock are filled 
with epidote, quartz, prehnite, calcite, pumpel- 
lyite, and native copper. The pyroxene is 
slightly to moderately altered to chlorite, 
epidote, and hornblende. The plagioclase is 
moderately to intensely altered to prehnite, 
chlorite, pumpellyite, epidote, sericite, and ka- 
olinite. 


Amygdaloid 


At the top of each flow is a zone, 3 to 25 
feet thick, of fine-grained amygdaloidal an- 
desite (Butler, Burbank, ef al., 1929, p. 36, 
Pls. 58, 59, 60, 61). The abundant 1- to 10- 
mm. vesicles are filled with chlorite, calcite, 
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prehnite, quartz, epidote, pumpellyite, lau- 
montite, and analcime. The andesite consists 
of 1- to 2-mm. glomeroporphyritic clots of 
albite-oligoclase laths and scattered 1-mm. al- 
tered olivine crystals in a groundmass of either 
microcrystalline augite and plagioclase or red- 
dish, semiopaque material. The albite-oligoclase 
laths are commonly fresh, but the groundmass 
is moderately to intensely altered to hematite, 
chlorite, epidote, pumpellyite, quartz, and preh- 
nite. The amygdaloids are reddened by the 
presence of abundant hematite. 


A plite Dikes 


Fine-grained aplite dikes, granophyric differ- 
entiates of the flows in which they occur, have 
been found in the pegmatitic zones of the “‘Big’”’ 
trap and Greenstone flows. The dikes, ranging 
from 1 inch to 1} feet thick, can be separated 
into two groups, called for convenience the 
“silicic” and the “chloritic’ types (analyses 
G-26 and 26-g4, respectively, of Table 8). 

The silicic aplite is a reddish, fine-grained, 
granular rock that consists of oligoclase (Aniz) 
phenocrysts 0.5-2 mm. long and 0.2-0.5 mm. 
wide in a matrix of quartz and semiopaque 
material (probably mostly kaolinite) with lesser 
amounts of augite, ilmenite, magnetite, apatite, 
chlorite, pumpellyite, epidote, zoisite, and cal- 
cite. The plagioclase is partly replaced by 
quartz, especially along cleavage cracks. It is 
also altered to kaolinite, sericite, chlorite, pum- 
pellyite, epidote, and prehnite. The silicic aplite 
is locally altered to a dense, dark-green ag- 
gregate of pumpellyite, chlorite, epidote, and 
quartz. In some of the dikes, a planar structure 
is caused by a parallelism of the plagioclase 
laths in the plane of the dike. 

Derivation of the silicic aplite from the en- 
closing flow is widely evident. The aplite oc- 
curs interstitially between the crystals, as larger 


irregular segregations in the pegmatitic layers — 
and as dikes indiscriminately crossing pegma- - 


titic and ophitic layers; there is complete 
gradation between these various types. 

The chloritic aplite is almost black, fine- 
grained, and contains numerous oligoclase 
(Anis) phenocrysts, 0.2 to 1.5 mm by 0.1 to 
0.7 mm, in a matrix of oligoclase fragments 
and chlorite. The matrix also contains some 
augite, ilmenite, magnetite, and zoisite. 
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INDIVIDUAL Flows STUDIED 
Greenstone Flow 


General description —The Greenstone flow is 
an ophitic, slightly porphyritic basalt extend- 
ing 55 miles from a point southwest of Hough- 


Ficure 1.—Section Across THE GREENSTONE 
FLOW NEAR THE ALLOUEZ No. 3 SHAFT MINE 
NE } of section 31, T.57N, R32W 


1. Allouez conglomerate 
2-6. Greenstone flow 
2. Fine- to medium-grained, banded, ophitic basalt 
3. Medium-grained, ophitic basalt with rough, 
columnar jointing 
4. Medium- to fine-grained ophitic basalt 
_ 5. Fine-grained basalt with pronounced columnar 
6. Fine-grained, ophitic basalt, overlain by cellu- 
lar amygdaloid 
7. Glomeroporphyritic andesite, Pewabic flow 


level crosscut at the Quincy mine the flow is 
55 feet thick and ophitic. The flow contains 
amygdaloidal inclusions and streaks, the latter 
nearly parallel to the plane of the flow, and 
there is a thin amygdaloid at the top. The 
cross section near the Allouez No. 3 shaft mine 
(Fig. 1) is probably typical of the thinner part 
of the Greenstone. The middle part of the flow 
(zone 5 in the cross section) is fine-grained, 
columnar, nonophitic basalt; the upper and 
lower parts (especially the lower) are coarser- 
grained and ophitic. 

The section across the Greenstone flow near 
Cliff (Fig. 2) and the log of the flow at Del- 
aware (Table 2) are typical of its thicker part, 
A pegmatitic zone is present in the upper half 
of the flow from Ojibway (PI. 1, loc. 9) east to 
the end of Keweenaw Point, a distance of ap- 
proximately 30 miles. Between the pegmatitic 
zone and the amygdaloid at the top of the 
flow, there is a zone 150 to 200 feet thick that 
consists in part of fine-grained columnar basalt 
and in part of fine- to medium-grained ophitic 
basalt (Fig. 2; Table 2). 


Explanation 


amygdotois 
Fine grained columnor basolt 


Ophitic bosolt, size ond spacing of dots indicate coarseness of texture 


-*" Pegmatitic loyer, ideolized projection down the dip, thickness probably no! uniform 
Ficure 2.—Srection Across THE GREENSTONE FLow at CLIFF 
Typical of its thicker portion. 


ton, Michigan, to the end of Keweenaw Point 
(Pl. 1). It is only 35 feet thick near Houghton 
but increases eastward to about 250 feet at 
Allouez. Northeast of Ahmeek, it increases 
abruptly, reaching 1400 feet at Cliff. From 
Cliff to the end of the Point, thickness ranges 
from 1150 to 1400 feet. 

Southwest of Ahmeek, the Greenstone flow 
consists of ophitic basalt and columnar basalt 
topped by cellular amygdaloid. In the Sist- 


Aplitic dikes and interstitial segregations are 
quite common in the pegmatitic zone of the 
Greenstone flow, particularly in its upper part. 
Most of the dikes strike parallel to the flow 
but dip at right angles to the flow. 

Settled blocks.—Irregular, angular blocks of 
medium-grained ophitic basalt in coarse-grained 
ophitic basalt (Pl. 2, fig. 4) were noted at lo- 
cality 11 (Pl. 1), in a zone 25 feet thick, and 
250 to 275 feet above the base of the flow at a 
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TABLE 2.—Loc OF THE GREENSTONE FLOW 


AT DELAWARE* 


Depth (feet)t 


841-1205 


1205-1245 


1245-1289 


Top of flow 

Reddish amygdaloid containing abun- 

dant ash. 

Amygdaloid in glomeroporphyritic an- 

desite; vesicle fillings of chlorite, cal- 

cite, and prehnite. 

Fine-grained andesite. 

Ophitic basalt, 1-mm. augite crystals; 

contains disseminated pyrite gains. 

Slightly porphyritic, fine-grained ba- 

salt. 

Ophitic basalt, 1- to 4-mm. augite 

crystals; grain size increases down- 

ward. 

Pegmatitic facies. 

Ophitic basalt, 6-mm. augite crystals. 

Pegmatitic facies. 

Ophitic basalt, 6-mm. augite crystals. 

Mixed ophitic basalt and pegmatitic 

facies. 

Medium- to coarse-grained (augite 

crystals up to 30 mm. in diameter) 

ophitic basalt containing scattered 

pegmatitic patches and streaks, and 

thicker layers as follows: 

262-286 Coarse pegmatitic facies. 

343-347 Coarse pegmatitic facies. 

375-382 Coarse pegmatitic facies. 

419-426 Coarse pegmatitic facies. 

576-581 Coarse pegmatitic facies. 

647-675 Medium- to coarse-grained 
pegmatitic facies with well 
developed planar structure 
due to a preferred orienta- 
tion of plagioclase laths with 
the long axes parallel to the 
base of the flow (and to the 
plane of the pegmatitic layer). 

681-688 Coarse pegmatitic facies. 

Ophitic basalt, 30- to 15-mm. augite 

crystals; grain size decreases down- 

ward. 

Ophitic basalt, 15- to 8-mm. augite 

crystals; grain size decreases down- 

ward. 

Ophitic basalt, 8- to 1-mm. augite 

crystals; grain size decreases down- 

ward. 
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TABLE 2.—Continued 


Depth (feet)t 


1289-1299 Ophitic basalt, 1-mm. augite crystals; 
grades downward to fine-grained basalt 
at the basal contact, containing scat- 
tered minute vesicles filled in part by 
chlorite. 

1299 Base of flow. 


* Combined log of three overlapping diamond- 
drill holes, Manitou 3-3 N., 3-4 N., ‘and 3-5 N. 

¢ Stratigraphic depth measured perpendicular 
to the plane of the flow. 


point where the flow is 1400 feet thick. The 
blocks, ranging in diameter from 1 to 10 feet, 
are apparently fragments that broke from the 
roof and sank toward the floor when the flow 
was partly solidified. Their texture correlates 
with that of rock near the base of the upper 
chill zone at a stratigraphic depth of about 200 
feet and indicates that, by the time crystals 
had accumulated at the bottom of the flow to 
a depth of 250 to 275 feet, the top had frozen 
to a depth of 200 feet. 

Banded ophitic basalt-—Banded ophitic basalt 
occurs in the lower part of the Greenstone flow 
at Allouez No. 3 shaft mine (Fig. 1) and for 
at least a mile to the southwest. The banding 
is somewhat similar to the primary banding 
observed by Peoples (1933) and Hess (1938) 
in the Stillwater Complex, by Grout (1918a) 
in the Duluth gabbro, and by Coats (1936) 
experimentally. The bands’, which occur in a 
20-foot zone at the base of the flow, are from 
less than 1 to 12 inches thick and are due to a 
gradation in the size of the ophitic pyroxene 
crystals (Pl. 2, figs. 1, 2, 3). Normally the 
crystals are largest at the bottom of each band 
and are successively smaller upward with a 
sharp contact at the top. Surrounding these 
ophitic pyroxene crystals are plagioclase laths, 
chlorite, and more pyroxene. Some of the pla- 
gioclase laths tend to be oriented parallel to 
the banding, and some to the peripheries of 
the ophitic crystals. 

Some of the ophitic crystals have unoriented 


1 The word “layer” is preferable, but the author 
will use “band” to conform with the usage of the 


above-mentioned writers. 
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plagioclase in the core but parallel orientation 
on the borders, and in some of the smaller 
crystals the plagioclase laths are parallel to 
each other throughout. Those pyroxene crystals 
that contain poikilitically included plagioclase 
laths of parallel orientation probably formed 
after most of the crystals had settled into 
place. 

The writer believes that the banded ophitic 
basalt in the Greenstone flow resulted from 
differential settling of various sizes of ophitic 
pyroxene crystals in a manner comparable to 
that which produces graded bedding in clastic 
sediments. Like the primary banding described 
by the authors just cited, it is a phenomenon 
of crystal sorting by gravity. However, the 
bands formed because of size sorting, whereas 
all these authors have described density sorting. 

Planar structure of pegmatitic facies.—In prac- 
tically every section studied across the Green- 
stone flow along a strike length of 30 miles, the 
lowermost pegmatitic layers have a strongly 
developed planar orientation of plagioclase 
laths. These lowermost layers range from less 
than 1 to as much as 20 feet thick. The rock 
is finer-grained than the average. The planar 
structure is parallel to the plane of the layer 
and of the flow. No linear parallelism of the 
plagioclase laths has been observed. The scat- 
tered plagioclase phenocrysts in the overlying 
pegmatitic layers show a slight tendency to be 
oriented parallel to the layers. 

Chalcocite mineralization of the amygdaloid.— 
Near the center of the NW} sec. 36, T. 58 N., 
R. 32 W. (loc. 10, Pl. 1), the amygdaloid of 
the Greenstone flow is mineralized for at least 
1000 feet along the strike with chalcocite and 
hematite (variety specularite). The southwest- 
ern end of the zone known to be mineralized 
is approximately 0.4 mile north of the Cliff 
No. 4 shaft. This deposit, on the property of 
the Cliff Mining Company now controlled by 
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the Calumet and Hecla Consolidated Copper 
Company, was discovered by the U. S. Geolog- 
ical Survey party studying the Michigan Copper 
deposits in the summer of 1944. Several trenches 
were later dug across the mineralized amygda- 
loid by Calumet and Hecla (Table 3). 

In the chalcocite-mineralized area, the 1- to 
5-mm. vesicles of the Greenstone amygdaloid 
are lined with chlorite, and the remaining 
space is filled with prehnite in radiating clus- 
ters, calcite, analcime, chalcocite, and specular 
hematite. The fine-grained andesite is ophitic, 
and the principle constituents are augite and 
albite-oligoclase (Anio). Interstitial earthy hem- 
atite is abundant. 

Chalcocite and specular hematite are for the 
most part confined to the bottom 5 feet of the 
15- to 20-foot amygdaloid. The chalcocite and 
specular hematite occur as fillings of vesicles 
1-5 mm. in diameter, as seams as much as 9.2 
mm. wide, and as tiny (0.02 nm.) disseminated 
grains. The specular hematite occurs in minute 
plates 0.2 to 1.5 mm. long and 0.02 to 0.2 mm. 
thick. The space between the plates is com- 
monly filled by chalcocite and small amounts 
covellite. In addition to the chalcocite, which 
is orthorhombic, there is a little isometric 
bluish digenite. Some of the chalcocite has one 
fairly well developed cleavage. The chalcocite 
is slightly replaced by covellite, and quite ex- 
tensively altered to malachite. Small specks of 
chalcopyrite have been seen in the hand speci- 
mens, The basalt below the amygdaloid con- 
tains disseminated chalcopyrite and pyrite. 

The chemical analyses of Broderick (1935) 
and the present writer (Fig. 7) indicate that the 
sulfur in the Greenstone flow is primary and 
increases directly with the other more volatile 
constituents. The fine-grained basalt of the up- 
per chill zone, below the amygdaloid and above 
the pegmatitic zone, contains 0.082 per cent 
sulfur as compared with Broderick’s weighted 


Pirate 2.—OPHITIC BASALT 
Ficure 1. BANDED Opuitic BASALT NEAR THE BASE OF THE GREENSTONE FLow AT ALLOvEZ No. 3 SHAFT 
Ficure 2. or Lower LAvER OF BANDED Opuitic BASALT IN Ficure 1 
Showing graded layering due to size-sorting of the ophitic pyroxene crystals. 
Figure 3. IRREGULAR BANDING IN THE Opuitic BASALT OF THE GREENSTONE 

Firow at ALLoveEz No. 3 SHart 

Ficure 4. Brock or Opaitic BASALT, BEHIND HAMMER, WITH 

CoarsER Opuitic BASALT ABOVE AND BELOW 
Greenstone flow (PI. 1, loc. 11) 
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PEGMATITIC FACIES 


average of 0.023 per cent for the whole flow. 
Furthermore, basalt in drill core from a depth 
of 52 to 71 feet below the top contains mega- 
scopically visible disseminated grains of pyrite. 
It seems reasonable to conclude that the pyrite 
in the upper chill zone at Delaware and Cliff 
and the chalcocite in the amygdaloid at Cliff 
were deposited by emanations from the interior 
of the flow during solidification. Supporting 
this interpretation, the chalcocite-mineralized 
area at Cliff coincides with the occurrence in 
the pegmatitic zone of more deuterically al- 
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Taste 3.—Assays OF GREENSTONE 
AmMYGDOLOID* 

Trench No. 1 

Co; 

Sample (per cant) 

Trench No. 2 
201 . 0.479 
202 . 1:508 
206 0.275 


tered rock, aplite, and coarse amygdaloidal 
pegmatitic material than was noted elsewhere. 


Mandan Flow 


The Mandan flow is an ophitic, slightly por- 
phyritic basalt. It has been intersected by un- 
derground workings and diamond-drill holes at 
a number of points between Boston (3 miles 
northeast of Pl. 1, loc. 6) and Copper Harbor, 
a distance of 40 miles. Some copper mining 
has been done on the amygdaloid at Mandan 
(2 miles west of Lake Medora) where the flow 
is thickest. 

The Mandan flow occurs about 300 feet 
stratigraphically below the Greenstone flow. 
It is a typical ophitic basalt with pegmatitic 
layers in its upper parts (Table 4). It contains 
scattered plagioclase phenocrysts. Along the 
strike, the thickness of the flow ranges from a 
few feet to 400 feet. Locally the variation in 
thickness is abrupt and may be due to original 
differences in the thickness of the lava at the 
periphery of the flow. 

Modal analyses (Table 9) were made of sam- 
ples from diamond-drill hole Clark 11 (Pl. 1, 
loc. 2) 3 miles south of Copper Harbor. The 


Samples 202 and 204 combined contained 0.006 oz. 

of gold and 0.82 oz. of silver per ton. 

No. 203 Three vertical channels, each about 3} 
feet long, across the best part of the min- 
eralized amygdaloid. 

204 Selected chips of mineralized rock. 

207 Sludge from an 8-inch hole drilled in the 
floor of the trench. 

201 A 10-foot channel along the floor of the 
trench across the mineralized zone in the 
amygdaloid. 

202 Selected chips of mineralized rock. 

205 Two 4-foot channels, 6 feet apart, across 
the mineralized zone at the base of the 
amygdaloid. 

206 Random chips from the floor of the 
trench. 


* Samples collected and analyzed by the Calumet 
and Hecla Consolidated Copper Company. Trench 
No. 1 is located near the southwestern end of the 
outcrop of mineralized amygdaloid. Trench No. 2 
is located 900 feet to the northeast of No. 1. Both 
trenches cut the amygdaloid at right angles to its 
strike. 


Mandan flow is 224 feet thick where intersected 
by this drill hole. 


Pirate 3.—PEGMATITIC FACIES 


Ficure 1. Pecmatitic LAYER NEAR THE BASE OF THE PEGMATITIC ZONE 
In Fitow at SouTtH RANGE QUARRY 

Note the straight, even contacts 

Ficure 2. Pecmatiric LAYER NEAR THE BASE OF THE PEGMATITIC ZONE IN 
Fiow at SouTtH RANGE QUARRY 

Note the straight, even contacts and the amygdaloidal character of the pegmatitic facies. 
Ficure 3. A 1- To 2-Incw Pecmatitic LAYER IN THE UppER PART OF THE 
Pecmatitic ZONE IN THE FLow aT SouTH RANGE QUARRY 
Note flattened amygdules along top of layer, and cross-cutting pegmatitic stringer extending down- 


ward near head of hammer. 


FicurE 4. Partty Coatescinc AMYGDULES OF PREHNITE AND QUARTZ IN ONE- TO Two-MILLIMETER 
Opuitic Basatt aT Top oF THE PecMATITIC ZONE, FLow aT SoutH RANGE QuaRRY 
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Flow above the Kearsarge Conglomerate 


An ophitic, glomeroporphyritic basalt flow 
immediately overlies the Kearsarge conglomer- 
ate, 2300 feet stratigraphically below the Green- 
stone flow where sampled. This flow is part of 


TaBLe 4.—PrcmatTitic LAYERS IN THE 
FiLow 
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inch, are successively more closely spaced, and 
are increasingly irregular. The layers branch 
and lense out along the strike and down the 
dip, and are locally crosscutting (Pl. 3, fig. 3). 


TaBLe 5.—PrcMmatitic LAYERS IN A Flow 
ABOVE THE KEARSARGE CONGLOMERATE 


Depth Thickness 
(inches) 


Thickness of layer 
70 1.4 contains a little fine copper 
71 0.3 

100 3.5 contains a little copper 

104 25.0 

107 8.5 

113 12.7 only moderately pegmatitic 

114 1 “ “ 

121 0.3 

Base of flow at 224 feet. 


a series, several hundred feet thick, of ophitic, 
glomeroporphyritic, pegmatitic basalts that 
overlie the Kearsarge conglomerate. 

The writer collected a series of samples of 
the lowermost flow from the core of diamond- 
drill hole Delaware 77 (PI. 1, loc. 3). The 
flow is 146 feet thick, a typical ophitic basalt, 
and contains 16 pegmatitic layers, streaks, or 
spots at depths of 19 to 119 feet below the 
top (Table 5). 


Flow at South Range Quarry 


A basalt flow with pegmatitic and ophitic 
facies is completely exposed on three faces of a 
quarry 4 miles southwest of Houghton (Pl. 1, 
loc. 5). The flow is 130 feet thick; it is under- 
lain by a fine-grained basalt flow and overlain 
by an ophitic basalt flow. This flow occurs 
stratigraphically about 2100 feet below the 
Greenstone flow and has been studied and 
mapped in detail (Pl. 4). Specimens were col- 
lected from two complete sections of the flow, 
and a number of thin sections prepared. 

The orderly arrangement of the pegmatitic 
layers in the flow at South Range quarry is 
striking (Pl. 4). The thickest (2-4 feet thick), 
best-developed pegmatitic layer (Pl. 3, figs. 1, 
2) occurs near the middle of the flow at the 
base of the pegmatitic zone. Upward the peg- 
matitic layers thin from 2 feet to less than 1 


(feet) 
19 6 
27 10 
32 10 
35 7 contains visible native copper 


10 contains visible native copper 
oe 8.5 contains visible native copper 
47 3.5 
49 3.4 
57 2.3 contains visible native copper 
60 3.4 contains visible native copper 
66 1.0 contains visible native copper 
69 5.7 
71 1.7 
93 0.3 

102 0.6 

119 0.3 


A typical layer in the lower part of the peg- 
matitic zone has a 2- to 4inch border at the 
top and bottom, consisting of a medium- to 
coarse-grained aggregate to albite-oligoclase, 
augite, ilmenite, and magnetite, and a 2-inch 
to 4-foot core of green amygdaloidal rock. No 
planar or linear parallelism of the constituents 
was noted. 

Toward the top of the flow, the pegmatitic 
layersare more amygdaloidal. Flattened vesicles 
that commonly occur at the top of the layer 
contain quartz, prehnite, and a green or red 
cherty substance. The top of the pegmatitic 
zone consists of 15 feet of altered, ophitic 
basalt containing almond-shaped vesicles filled 
with prehnite and quartz, strung together in 
partly coalescing chains in the plane of the 
flow (Pl. 3, fig. 4). Immediately below the red, 
fragmental amygdaloid that forms the top of 
the flow, there is a 1- to 2-foot zone of green, 
intensely prehnitized and silicified cellular 
amygdaloid. 


“Big” Trap 


The “Big” trap is a thick, ophitic, glomero- 
porphyritic basalt flow that occurs in the lower 
part of the Keweenawan series. The top of the 
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flow is about 8000 feet stratigraphically below 
the Greenstone flow. The flow has been inter- 
sected in diamond-drill holes between Calumet 
and Lake Medora (Pl. 1, loc. 12), a distance of 
28 miles. Its maximum thickness is more than 
600 feet, at a point 5 miles east of locality 4. 
The core studied and sampled by the writer 
came from diamond-drill hole C & H 28 (Pl. 
1, loc. 4) where the flow is 402 feet thick (Ta- 
ble 6). 

No aplite was found in the drill core. There 
are, however, three aplite dikes in a large out- 
crop of the “Big” trap 3 miles east-northeast 
of Calumet. The dikes are 1-2 inches thick, 
occur in the pegmatitic zone of the flow, strike 
roughly parallel to the dip of the flow, and dip 
vertically. The dikes transect both pegmatitic 
and ophitic basalt. Two of the dikes are very 
similar in appearance to the silicic aplite in 
the Greenstone, and the third dike resembles 
the chloritic aplite of that flow. 

In this outcrop, the pegmatitic layers are 
roughly parallel to the base of the flow and 
range up to 4 feet thick. The contacts are sharp 
and normally smooth, but small pegmatitic 
stringers have intruded the ophitic basalt 
locally along the upper contact. 


Discussion OF MODES 
General Statement 


A few generalizations can be made about the 
distribution of minerals in the flows studied, 
on the basis of the modal analyses (Tables 7- 
12; Figs. 3-6). In the pegmatitic facies, the 
percentages of minerals present in one slide 
may not be representative because of the coarse 
texture, the rather erratic distribution of min- 
erals and locally intense alteration. Therefore, 
in the samples chemically analyzed, at least 
two, and in most instances three, thin sections 
were used, so the modes should be fairly ac- 
curate. The writer has tried to compute the 
primary mineral content wherever possible even 
where the alteration has been intense. The 
modal analyses of the ophitic basalts are more 
accurate because of the finer texture of the 
rock and more uniform distribution of min- 
erals, 


Plagioclase 


With the possible exception of the “Big” 
trap, plagioclase is not consistently more abun- 


TaBLE 6.—Loc oF THE “Bic” Trap In Dany 
Hore C & H 28 


Depth (feet) 


0-5 Cellular amygdaloid. Vesicles filled with 
prehnite, calcite, chlorite, and epidote 
in rock consisting of nearly fresh, 0.25- 
to 0.50-mm. long slender oligoclase 
(Anis) jlaths, somewhat glomeroporphy- 
ritic, in a matrix of reddish, semiopaque 
glass. 

5-22 Slightly glomeroporphyritic andesite con- 
taining cellular amygdaloidal layers. 
9 1-ft. cellular amygdaloidal layer 
14 3-in. cellular amygdaloidal layer 
20 3-in. cellular amygdaloidal layer 

22-187 Glomeroporphyritic andesite and basalt 
containing pegmatitic layers. Rock be- 
comes coarser-grained and increasingly 
ophitic with greater depth. Ophitic 
grains attain a maximum size of 13 mm. 
near the middle of the dow. 


22 3-in. pegmatitic layer 

24 1-ft. of epidotized andesite 
25 6-in. pegmatitic layer 

28 12-in. pegmatitic layer 

31 6-in. pegmatitic layer 

35 8-in. pegmatitic layer 


41-43 epidotized pegmatitic layer 
47-49 epidotized andesite 

51-56 coarse pegmatitic layer 
61-63 intensely epidotized andesite 
68-70 intensely epidotized andesite 
73 6-in. coarse pegmatitic layer 
79-80 epidotized andesite 


92-99  pegmatitic glomeroporphyri- 
tic andesite blending into 
coarse pegmatitic facies; 94- 
99 ft. coarse pegmatitic 
facies 
107-1084 epidotized pegmatitic layer 
110 3-in. of epidotized basalt 
115 2-in. coarse pegmatitic layer 
ough containing native copper. 
| 125-126 epidotized pegmatitic layer 
137-138 pegmatitic layer 
“4 154-156 coarse spotty pegmatitic layer 
157 1-in. pegmatitic layer 
4 |! | 183-187 very coarse pegmatitic layer 


187-395 Glomeroporphyritic,  ophitic 
coarseness decreases downward. 

395-402 Fine-grained basalt. Base of flow at 402 
feet. 


basalt; 


dant in the upper parts of the flows, as Walker 
(1940) reported for the Palisades sill. There 
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seems to be about the same amount of plagi- 
oclase in the pegmatitic facies as in the ophitic 
basalt except in the “Big” trap where the 


SPECIMEN 


/ 


this relationship, the following facts must be 
considered: (1) A large proportion of the pla- 
gioclase in the ophitic basalt occurs poikilitically 


NUMBERS 


3-310 

3-357 
3-407 

3-458 
3-502 
3-540 
560 


PYROXENE 


OLIVINE 


BASE OF FLOW AT 1299 FEET 


ar 
CHLORITE — EPIDOTE 


OEPTH BELOW TOP 


Ficure 3.—MoDAL VARIATION IN THE GREENSTONE FLOW AT DELAWARE 
Minor constituents not shown. Dots and solid lines indicate ophitic basalt. Circles and dashed lines 


indicate pegmatitic facies. 


plagioclase content of the pegmatitic facies is 
slightly lower than that of the adjacent ophitic 
basalt. Within the basalt portion of the flows, 
the plagioclase content of certain zones is 
above normal. The greatest concentration oc- 
curs below the middle of each flow in the upper 
part of the ophitic basalt zone, as is clearly in- 
dicated by the analyses of the Greenstone flow. 

A fairly well defined reciprocal relationship 
exists between the distribution of plagioclase 
and pyroxene in the Greenstone and Mandan 
flows, the flow at South Range quarry, and the 
“Big” trap. In evaluating the significance of 


included in augite crystals. (2) An appreciable 
amount of the plagioclase, however, formed as 
free, nonpoikilitically included crystals. It is 
suggested that variations in the rate of crystal- 
lization of the two minerals and crystal sorting 
by differential settling of plagioclase and ophitic 
pyroxene crystals may have been factors de- 
termining their relative distribution in the 
flows. 

The proportion of olivine is reciprocal to that 
of plagioclase in the Greenstone flow, but the 
relationship is less apparent in the other flows. 

The composition of the plagioclase varies 
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tbe |") systematically in all the flows (Tables 7-12). all the flows, the plagioclase is more calcic 
pla- | In the amygdaloids, the plagioclase is albite or than that in the overlying pegmatitic zone, 
ally) — godic oligoclase (Amin). The fine-grained an- having a composition of Ang to Any, (labra- 

3 SPECIMEN NUMBERS 
3 3 33 3 
PLAGIOCLASE \4 7 
« 
. 
OLIVINE 2 
z 
$ 2 
P ILMENITIG MAGNETITE 
| 
20}-* 
| CHLORITE — EPIDOTE 
DEPTH BELOW TOP 
5 Ficure 4.—Mopat VARIATION IN THE MANDAN FLow 
' Minor constituents not shown. Dots and solid lines indicate ophitic basalt. Circles and dashed lines in- 


at dicate pegmatitic facies. 


desite immediately underlying the amygdaloids 


ale contains plagioclase of intermediate composi- 
as tion, oligoclase-andesine (Ans.3), which ap- 
1S Be parently grades in a short distance downward 


into labradorite (Ang.«). The plagioclase of 
ng | the ophitic basalt in the pegmatitic zone, which 
— extends downward to nearly the middle of the 
le- & flows, is normally labradorite (Ango.s2). In the 


he fF “Big” trap, however, the plagioclase of the 

es andesite and basalt in the pegmatitic zone 
at ranges from Ang to Ang, and, in the upper 
he Fi part of the pegmatitic zone of the flow at 
s § South Range quarry, the basalt has been in- 


tensely albitized. In the ophitic basalt zone of 


dorite-bytownite). The plagioclase of the basal 
chill zone is somewhat more sodic than that 
of the overlying ophitic basalt. 

Within the pegmatitic layers, the plagioclase 
has a composition between Ans and Any (albite 
to sodic oligoclase). The composition varies 
irregularly within these limits from layer to 
layer, as does the degree to which the plagi- 
oclase has been altered, with no systematic 
gradation. 


Pyroxene 


A marked concentration of pyroxene is found 
near the base of the Greenstone (Fig. 3) and 
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Mandan flows (Fig. 4). No similar concentra- 
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of the pyroxene. As four to six analyses are 


tion is apparent in the other flows studied, involved in each cycle, these results are pre. ; - 
possibly because of inadequate sampling. In sumed to represent a real condition. q net 
2 SPECIMEN NUMBERS 4 
4 
° 
4 
20- 
< 
3 
¥ 
> 
a 
CHLORITE — EPIDOTE 
© FEET 50 100 150 
; DEPTH BELOW TOP 
: FicuRE 5.—MopAL VARIATION IN A PEGMATITIC FLOW ABOVE THE KEARSARGE CONGLOMERATE d 
a Minor constituents not shown. Dots and solid lines indicate ophitic basalt. Circles and dashed lines 
indicate pegmatitic facies. 
general, the amount of pyroxene decreases from On the whole, there are apparently nearly [ t 
the bottom to the top of the pegmatitic zone equal amounts of pyroxene in the ophitic ba- | — 
ie in the “Big” trap, both in the andesite-basalt salts and in the pegmatitic facies of all the | 4 
r and in the pegmatitic layers (Fig. 6). flows. 3 
In the Greenstone flow the pyroxene content y I 
‘. of the ophitic basalt shows cyclic variation Olivine ¥ 
(Fig. 3). The highs and lows are nearly equally a . 
spaced 200 to 275 feet from high to high or Olivine is concentrated near the base of all : : 
low to low, respectively, and it appears that the flows. The flow immediately above the | 


there is a rhythmic variation in the distribution 


Kearsarge conglomerate (Fig. 5) has a moderate 5 


¥ 


he 


| 


olivine concentration in the upper part. No 
specimen was analyzed from the zone near the 
base where a concentration would be expected. 
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sampled at two, three, and five points respec- 
tively (analyses 1375 and 1381; 1391, 1399, 
and 1408; 1464, 1472, 1477, 1492, and 1497) to 


/ 
«a 
OLIVINE 2 
4 
é 
Q FEET iL L L 190 iL L L L i i 300 A L 4 490 


OEPTH BELOW TOP 
Ficure 6.—MOopAL VARIATION IN THE “BiG” TRAP 
Minor constituents not shown. Dots and solid lines indicate ophitic basalt and andesite. Circles and 


dashed lines indicate pegmatitic facies. 


The olivine is also markedly concentrated in 
the ophitic basalt near the base of the peg- 
matitic zone in the Greenstone flow and simi- 
larly, though less pronouncedly, olivine is con- 
centrated in the ophite near the base of the 
pegmatitic zone in the Mandan flow (Fig. 4, 
Table 9). In the pegmatitic zone of the Green- 
stone, the amount of olivine in the ophitic ba- 
salt decreases upward. 

Three of the andesite-basalt layers in the 
pegmatitic zone of the “Big” trap have been 


determine whether the amount of olivine varies 
systematically within single layers, Similarly, 
the ophitic basalt layer near the base of the 
pegmatitic zone in the Greenstone flow, which 
contains a high percentage of olivine at a depth 
of 631 feet (analysis 4-506), was sampled at 
three points. The results, partly shown by Fig- 
ure 6, are inconclusive. 

In the Greenstone flow (Fig. 3) it will be 
noted that the intervals from high- to low- 
olivine in the ophitic basalt zone and in the 
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TaBLE 7.—MOopAL ANALYSES OF THE GREENSTONE FLoOw* 


pe 


atitic 
acies 


4-80 
basalt 


4-109 
basalt 


Depth (feet). . 
Thickness of zone (feet) 


Chlorite, epidote. 


Depth (feet) . . 


of cone (Gest)... 
Plagioclase composition... .. . 


Pyroxene. . 

Olivine. . 

Ilmenite, magnetite... 
Chlorite, epidote. 


Depth (feet) . . 


Thickness of zone e (feet) Maa 


Pyroxene. . 

Olivine. . 

Ilmenite, magnetite. . 
Chlorite, epidote. .. 


4 
174 
G149 | G 
4-58 
basalt | || pegmatite 
ee 201 205 234 268 | 274 2 
1 | 24 24 3 
6 Plagioclase composition...............| Anse An; Ano | Ane | Amo | Any 
4.8 2.9 4.6 : 6.1 | 15.6 
0.1 0.2 03 &§ 
100.0 100.0 100.0 | 100.0 100.0 | 100.0 
basalt | Pegmatitic | pegmatitic | | pegmatitic| 
309 345 361 378 400 422 501 , I 
4 7 7 C 
Ango An; Ang Anss An; Ang ‘ 
65.0 49.2 66.1 43.0 68.0 53.4 61.4 
24.0 19.7 17.1 17.2 15.4 27.2 24.6 
6.3 8.5 10.1 
0.9 | 10.0 10/ 80] 38] 38] 3.3 
4.2 14.5 9.5 16.1 4.3 5.0 0.6 s 
a 0.4 tr. 0.3 tr. ! 
3.0 1.7 
100.0 | 100.0 | 100.0 |-100.0 | 100.0 | 100.0 | 100.0 
Ome | 4532 | 4550 | | an 
| pegmatite | | | repmatiic | pegmatite | | 
= 578 631 657 675 684 707 774 | . 
5 28 6 7 | 
Anis Anss Ano Ang Ango Angs | 
a 59.0 47.8 64.0 55.4 58.4 73.7 64.2 
bi sarees 7.3 18.9 28.7 23.8 24.2 10.5 25.7 | 
i 28.1 8.6 7.7 
4.4 1.6 4.4 6.3 1.6 0.9 ] 
23.2 3.6 3.6 6.3 5.6 1.5 
0.7 | tr. 0.4 | tr. 0.6 | tr. 
0.6 
a ——— 100.0 100.0 100.0 100.0 | 100.0 100.0 | 100.0 é 
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Depth (feet)...... 
Plagioclase composition...............| Ames 
Ilmenite, 


Anu Ann Anzo Anzo Ann 
68.4 74.3 73.9 62.6 66.1 
15.9 7.6 14.3 26.6 21.9 
8.4 10.1 6.2 9.4 11.3 
5.1 6.3 4.1 0.0 0.2 


Plagioclase composition............... Ang 
Iimenite, magnetite.................. 3.2 


1143 1187 1225 1265 
Any Angg Angs Angs 
61.2 54.4 43.9 49.4 
20.5 32.6 39.3 28.6 
16.3 9.9 11.4 15.9 
se 2.4 4.0 3.0 
0.3 0.7 1.4 


* Samples collected from a series of three diamond drill holes, Manitou 3, 4, and 5 N., which cross the 


Greenstone at Delaware, Mich. From same holes samples for chemical analyses were obtained by T. M. 

Broderick and the present writer. Flow is 1299 feet thick at this point; contains pegmatitic layers and 

streaks at depths of 201 to 841 feet. Deepest well-developed layer is a 7-foot zone at a depth of 684 feet. 

All depths are stratigraphic and measured from the top of the flow to the middle of the zone sampled. 
The plagioclase in the amygdaloid at a depth of 38 feet has a composition of Ano (albite). 


pegmatitic zone are roughly equal (300-400 
feet). In the modal analyses of the Greenstone 
at Lake Medora (Table 8), there are also two 
concentrations of olivine, one near the base of 
the ophitic basalt zone at a depth of 1270 feet 
and one near the base of the pegmatitic zone 
at a depth of 850 feet. Two other flows and a 
sill described by Broderick (1935) show similar 
concentrations of olivine near or above the 
middle. The writer will consider these appar- 
ently anomalous occurrences further in the dis- 
cussion of the chemical analyses. 


Ilmenite and Magnetite 


Ilmenite and magnetite are moderately con- 
centrated in the pegmatitic facies. Similar con- 
centrations occur in the basal and upper chill 
zones. The magnetite in all the flows studied 


t Matrix of granophyre, kaolinite, and semiopaque material. 


except the Greenstone has been moderately to 
intensely altered to hematite. 


Minor Constituents 


Apatite, prehnite, quartz, calcite, and anal- 
cime, if present, are mostly confined to the 
pegmatitic layers, and, except for apatite, to the 
amygdaloids. Some of the pegmatitic layers 
contain a reddish matrix of granophyre, kao- 
linite, and hematite. Epidote occurs for the most 
part in the pegmatitic facies and as amygdules 
in the amygdaloids. Chlorite occurs in the peg- 
matitic facies and amygdaloids, and also in the 
ophitic basalt, as a replacement and an alter- 
ation of plagioclase and olivine respectively, 
and as amygdules. 

As can be seen in the modes, a reciprocal re- 
lationship exists between the occurrence of 


x 
175 
TABLE 7.—Continued 
9 3-134 3-179 3-224 3-267 3-310 3-357 
titic basalt basalt basalt basalt basalt basalt 
es 
a 864 909 | 952 | 995 | 1042 
9 
0 
| 100.0 100.0 100.0 100.0 100.0 100.0 
y 3-407 3-458 3-502 | 3-540 | 3-580 
basalt basa!t basalt basalt basalt 
| (0). 0) 100.0 | 100.0 | 100.0 | 100.0 
| 
| 
a 
= 
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TaBLE 8.—Mopat ANALYSES OF THE GREENSTONE FLow AT CLIFF AND LAKE MeEpora* 


18-u 18-0 | 18-n 

Depth (feet)... 210 230 290 420 650 

Plagioclase composition...............| Amo | labt | Ane | labt | indett | Am, | 

49.3 | 59.3 | o.7 | 61.9 | 87.4 | 07 

Pyroxene... . 6.6 25.9 6.9 21.6 31.7 

Olivinc.......... 1.5 8.5 8.6 | 

Timenite, magnetite 7.2§| 2.1 | 12.4 3.6 1.2 | 42 
’ Chiorite......... 16.4 4.2 | 10.8 4.3 96] 29 | 
Apatite. 0.2 | tr. 0.1] 035 

Prehnite. 18.0 

Cakite... . 0.1 

Analcime... 0.9 

Total 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 


26-1 


Plagioclase composition...............| Amis Ang Ang Ans 
60.4 41.8 71.9 51.8 61.7 
Pyroxene. . 16.4 5.0 16.6 23.3 33.6 
Olivine. . 4.4 9.5 0.6 
Timenite, magnetite, 2.2 3.3 
Chlorite. . 14.8 6.5 
a2 


Depth (feet) . . 800 800 800 
Plagiociase composition... Any Anis 
Himenite, magnetite. 0.8 3.0 0.2 
0.4 


a 

G-26 26-g4 26-g3 

aplite aplite basalt 


H 
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TABLE 8.—Continued 


26-g2 

Depth (feet) . . Ee 850 880 1270 1300 1330 1370 
Plagioclase composition. Any lab.f lab.t lab.f lab.t lab.f lab.f 
67.7 73.4 70.5 59.0 59.7 57.2 60.2 
Pyroxene. . naaecatente 26.0 5.0 21.0 417.7 18.1 27.9 30.7 
Olivine. . ‘ Raed 12.0 aa 21.2 18.7 8.6 3.0 
IImenite, magnetite. 2.3 1.4 | 0.9 1.8 34] 28 
Chlorite. . Papal we 4.0 8.2 4.1 0.3 1.9 2.9 3.3 

Apatite. tr. 0.3 tr. 

100.0 100.0 100.0 100.0 100.0 100.0 


* Analyses 18h to 18u represent a section across the flow at Cliff (Pl. 1, loc. 10). 
Analyses 26a to 26s represent a section across the flow at Lake Medora (PI. 1, loc. 12). 
The flow is about 1400 feet thick at both places. 


Labradorite. 
t Indeterminable because of alteration. 


§ Black and reddish opaque material, probably mostly hematite. 


q Reddish intergrowth of albite and quartz. 


|| Interstitial granophyre, kaolinite, and semiopaque material. 
** Matrix consists of about one half chlorite and one half oligoclase. 


pyroxene and that of chlorite-epidoté in both 
the ophitic basalt and the pegmatitic facies. 
This contrast is most striking in the Green- 
stone and Mandan flows. 


Amygdaloids 


The amygdaloids of the flow at South Range 
quarry, of the flow above the Kearsarge con- 
glomerate, and of the “Big” trap contain no 
pyroxene and only scattered grains of altered 
olivine. These amygdaloids consist essentially 
of glomeroporphyritic plagioclase laths and ves- 
icle fillings of secondary minerals in a matrix 
of reddish aphanitic material. The amygdaloids 
of the Mandan and Greenstone flows are holo- 
crystalline and contain small to moderate 
amounts of pyroxene and altered olivine. 


Discussion OF CHEMICAL ANALYSES 
Greenstone Flow 


Introduction —Seven chemical analyses (Ta- 
ble 13) of the Greenstone flow were obtained 
by the writer. Except the aplite (G26), all the 
samples were obtained from the same core that 


Broderick (1935) used for his 12 analyses (Figs. 
7, 8). The writer sampled five pegmatitic 
layers, an aplite, and the basal chill zone. 

Distribution of elements.—Broderick’s findings 
concerning the relative distribution of elements 
in the pegmatitic facies and ophitic basalts are 
confirmed by the writer’s analyses. The basal 
chill zone, which should represent the original 
composition of the magma, is higher than the 
overlying ophitic basalt in Fe, Cu, S, Si, K, 
P, Ti, Mn, CO:, and HO plus. The potash 
content is very high, however, which probably 
indicates some deuteric alteration. Fe, Cu, Ti, 
P, S, combined water, and Mn show a definite 
tendency to be concentrated in the pegmatitic 
facies. The writer plotted the amounts of TiO; 
in the chemical analyses against the amounts 
of ilmenite plus magnetite in the modal anal- 
yses. The results indicate that the ilmenite- 
magnetite ratio is nearly the same for the 
ophitic basalt and the pegmatitic facies, and 
this was substantiated by a study of polished 
sections. 

The amount of combined water is very high 
in one pegmatitic layer, high in two others, 
and very low in one. It is also above average 
in the olivine-rich zone 200 feet above the base. 
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Sulfur, in addition to being concentrated in 
the pegmatitic facies, definitely trends toward 
greater abundance in the upper part of the 
flow. Si, Na, and K tend to be more abundant 


calculated as FeO shows a trend similar to 
that for MgO. 

Magnesia-iron oxide ratio.—The ratio of MgO 
to total Fe as FeO furnishes an especially crit- 


TaBLE 9.—Mopat ANALYSES OF THE MANDAN FLow* 


C493 C630 C633 
Thickness of zone (feet)............... 7 0.3 Oe | 0.7 
Plagioclase composition . Anis Ango Any indet.f Any 
ie ana 63.6 45.7 52.6 57.4 59.1 57.9 
Pyroxene. . 3 2.1 22.7 15.6 11.0 77 21.1 
Olivine. . 9.4 7.4 10.7 
Timenite, magnetite. 3.2 15.9 4.1 6.3 2.8 4.4 
Chlorite, epidote. . oe: me 8.3 10.3 25.3 9.7 15.5 
100.0 100.0 100.0 100.0 100.0 
C804 
basalt 
Depth (feet). . 139 205 208 223 
Plagiocase composition Ana Anes Ans 
Pyroxene. . 22.2 20.5 26.3 10.2 
Olivine. . at 45 14.6 13.7 1.5 
Mimenite, magnetite. 2.5 3.0 6.9 17.9} 
Chlorite, epidote. . 10.2 $.1 2.9 14.1 


* Samples collected from diamond drill hole Clark 11, which intersects the flow 3 miles south of Copper 
Harbor. The flow is 224 feet thick at this point and contains nine pegmatitic layers at depths of 70 to 121 


feet. 
+ Indeterminable because of alteration. 
t Ilmenite, magnetite and semiopaque glass. 


in the pegmatitic facies. The concentration of 
Ca is very high in two of the pegmatitic layers, 
very low in one (and in the basal chill zone), 
and intermediate in the other analyses. The 
distribution of Mg is clearly related to the 
differentiation of the flow as a whole. Mg is 
relatively more abundant in the ophitic basalt 
and upper chill zones than in the pegmatitic 
zone. The greatest concentration of Mg occurs 
in the ophitic basalt zone 200 feet above the 
base of the flow. The ratio of MgO to total Fe 


ical indication of the trend of differentiation 
in successive layers of the pegmatitic zone. 
There is a definite trend from a low MgO:Fe0 
ratio in the upper pegmatitic layers to a higher 
ratio in the lower pegmatitic layers. Ophitic 
basalt between the successive pegmatitic layers 
shows a similar, but more gradual, downward 
increase in the MgO:FeO ratio. The ratio is 
higher in the ophitic basalt than in the peg- 
matitic layers in the upper part of the zone, 
but in the lower part it is slightly lower. 
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Aplite-—A crosscutting dike, 1} feet thick, were concentrated in a vapor phase that may 
that occurs near the base of the pegmatitic in part have co-existed with the residual aplitic 
zone at Lake Medora, (PI. 1, loc. 12) is an ex- magma. 


TaBLe 10.—Moves or A Frow ABOvE THE KEARSARGE CONGLOMERATE* 


2076 2090 2099 
| pasate | | pegmatite | 
1 19 4 26.6 37.2 32 34 
Thickness of zone (feet)............... Pe 0.3 0.9 0.9 
Plagioclase Any Anger Ann Ann 
53.7 53.8 42.4 36.2 46.2 
Pyroxene. . eS ee 12.7 10.9 35.4 26.0 11.0 
Olivine. . 2.0 3.0 17.4 16.8 
Tnenite, magnetite. 12.6 3.7 12.5 5.0 5.9 
Chlorite, epidote. . 0.5 16.4 14.2 6.1 23.7 20.1 
Quartz. . 16.5 ‘3 4.8 
Prehnite. 10.7 0.3 3.6 5.3 
Glass. . . 31.9 
Calcite. 6.2 
Total 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 
matitic 2109 
“Tan basalt basalt 
Thickness of zone (feet). ...............-. 0.5 0.1 
Plagioclase composition.................. Ans Ang Ans Ane 
Pyroxene. . 21.9 24.6 20.5 18.1 
Timenie, magnetite. 16.5 4.0 9.5 4.6 
Chlorite, epidote. . 6.5 5.6 15.1 


* Samples collected from diamond drill hole Delaware 77 (locality 3, Pl. 1). The flow is 145 feet thick. 
+ Indeterminable because of alteration. 
t Mixture of kaolinite and semiopaque material. 


treme differentiate of the Greenstone flow, very Norms (Table 13; Fig. 8).—Normative olivine 
high in silica and very low in magnesia. It is and quartz have been plotted on the same 
comparable to the pegmatitic facies in its soda graph above and below a zero line, with the 
content, but notably higher in potash content. amount of olivine increasing upward and that 
Its content of Fe, P, Ti, Mn, and Cu is very of quartz downward. The ophitic basalt of the 
low, indicating differentiation beyond the stage pegmatitic zone is above average in normative 
at which these elements may have been con-  orthoclase, albite, diopside, quartz, ilmenite, 
centrated in the magma. The writer believes magnetite, and apatite; and, in general, the 
that these elements (Fe, P, Ti, Mn, and Cu) amounts of these normative minerals in the 
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ophitic basalt increase from the bottom to the 7; Fig. 3) indicate that olivine actually is gop. © 
top of the pegmatitic zone. Anorthite and hy-  centrated at these points. The concentration 
persthene are deficient in the ophitic basalt of near the base of the flow is expectable from 


TABLE 11.—Mopat ANALYSES OF 


THE FLow at SouTH RANGE Quarry* 


$142 
Depth (feet) . . eer ka 48 56 58 59 
‘Thickness 0.2 1.5 
indet.f Ang Ang Any indet.t 
Plagioclase. . 52.3 50.9 58.2 59.4 52.2 
Pyroxene....... 16.9 22.5 13.0 13.5 
2.2 0.9 11.4 9.9 1.1 
Iimenite, magnetite 6.5 8.2 4.3 4.7 5.2 
Chloritet....... 10.5 11.7 13.1 $3.5 17.7 
Quartz. . 4.3 3.1 22.9 
Prehnite. 2.7 0.9 
Total... 100.0 100.0 100.0 100.0 100.0 
$122d $112d $70 
pegmatitic facies pegmatitic facies basalt 
Depth (feet) . . 64 73 109 
Plagioclase composition................. Anz Ans Ang 
61.2 51.8 50.0 
Pyroxene. . 8.4 10.2 14.0 
Timenite, magnetite 8.7 15.8 12.2 
Chloritet. . 20.1 10.8 16.2 
Prehnite.......... 1.6 10.2 


* Samples collected from a road metal quarry at 
t Indeterminable because of alteration. 
t Includes some epidote and pumpellyite. 


the pegmatitic zone. The pegmatitic facies con- 
tains more normative orthoclase, quartz, il- 
menite, magnetite, apatite, and diopside than 
the surrounding ophitic basalt, and less anor- 
thite and hypersthene. Normative albite is more 
abundant in pegmatitic facies than in ophitic 
basalt in the upper part of the zone, but the 
reverse is true in the lower part of the zone. 
High-olivine layers—Normative olivine is 
concentrated in the ophitic basalt about 200 
feet above the base of the flow, and near the 
middle of the flow, just above the lowermost 
pegmatitic layers. The modal analyses (Table 


South Range (loc. 5, Pl. 1). The flow is 130 feet thick. 


the early separation of olivine and from crystal 
sorting by differential settling, but the concen- 
tration near the center is far less readily ex- 
plained. 

This apparently anomalous concentration of 
olivine is evidently not a freak occurrence; sim- 
ilar concentrations were observed or have been 
described elsewhere in Keweenawan basaltic 
extrusives and intrusives. Concentrations of 
olivine in the central part of the Greenstone 
were noted both in the section at Delaware and 
at Lake Medora (Table 8). In the Mandan 
flow, the flow above the Kearsarge conglom- 
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Tasie 12.—Mopat ANALYSES OF THE “BiG” Trap* 
139 | 1337. | pegma- | 1375 
pegmatitic 
andesite | andesite | | basalt | Pegmati te 
Depth (feet) . . (ikcwstitncdsdeae am 20 25 38 41 53 58 
Thickness ol ‘(feet) . 0.5 2.0 5.0 
Plagioclase — | | Ans | Argo | indet.f | Ann | Amo 
62.3 | 58.3} 49.5 | 53.5 23.7 47.0 | 63.4 
Pyroxene. . 6.8 9.1; 11.5 4.3 11.4 9.1 
Olivine. . 9.9 8.5 10.2 9.5 0.6 72 
Iimenite magnetite, 7.8 7.1] 14.6 6.5 16.3 13.1 9.8 
Chlorite, epidote. .. 42.3 23.5 9.3 
0.5 0.6} 12.3 1.2 4.4 
_ er 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 
1381 1391 1399 1408 1422 
andesite | etic | basalt | andesite | andesite | Ptitic | andesite 
facies facies 
Depth (feet) . . ee OR Tee 73 74 82 91 96 105 
Plagioclase Ang | Angs Ang Anjo | indet.f 
59.6 | 44.6} 66.3 | 68.1 65.0 60.4} 62.3 
Pyroxene. . 9.4} 17.5 9.4) 11.1 10.7 15.9 9.8 
Olivine. . ‘ 15.9 6.2 3.6 7.0 2.6 
Ilmenite, $2} 8.6 §.9 10.6 13.3 | 2.2 
Chlorite, epidote... 6.4 9:5 11.3 6.7 8.9 6.1 
Total.... 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 
| 1454 1464 1472 
t | | | Pegmatitic) | basalt 
facies facies facies a 
Depth (feet). . 115 115 125 137 147 155 
Thickness of zone (feet).................. 13 0.2 1.0 1.0 
Plagioclase composition..................| indet.f| indet.t] Ani | indet.t | Anss | Angs 
63.5 | 55.0} 30.1 51.2 56.8 | 63.7 
Pyroxene. . 22.5 6.3} 14.9] 18.7 17.9 15.8 | 13.7 
Olivine. . 8.5 | 10.4 
Ilmenite, sagnetite.. 5.0 8.7 6.1 2.4 10.0 12.9 5.9 
Chlorite, epidote. .. 8.8 22.8 20.9 6.0 6.3 
Mee tr. 0.3 0.2 
pee ee 100.0 | 100.0 | 100.0 | 100.0} 100.0 | 100.0 | 100.0 
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Tasre 12.—Continued 


1477 
basalt 


1497 | pegma- 1504 1522 | 
basalt ‘gma: 22 | 1339 


Depth (feet). . 

Thickness of sone (eet). 4.0 

Plagioclase | Ames | Anse | Ans Ang Any | Ang 

Chlorite, epidote. .. 7.9 £.7 


100.0 


| basalt | basalt 


Depth (feet). . 


Plagioclase qumpesition. . 
Ilmenite, magnetite, 8.0 
Chlorite, epidote. . 2.2 


Depth (feet).. 366 382 400 

Plagioclase composition, ae Anu Anss Ang 
— 56.9 57.4 51.0 
Pyroxene. . 12.4 15.3 15.8 
Olivine. . 19.4 17.9 10.2 
Ilmenite, magnetite 5.8 3.3 12.3 
Chlorite, epidote. . . 5.5 6.1 


* Samples collected from diamond drill hole C & 
contains 16 pegmatitic layers. 

¢ Indeterminable because of alteration. 

t Mixture of kaolinite and semiopaque material. 


erate, and in three of the basaltic sheets de- 
scribed by Broderick (1935), similar concentra- 
tions of modal or normative occur. The modes 
of a flow of the Keweenawan series in Wis- 
consin (Buckstaff, 1923; Broderick, 1935) show 
a concentration of olivine near the base and 


H 28 (locality 4, Pl. 1). The flow is 402 feet thick, and 


another near the middle. The norms of the 
Kearsarge flow (Broderick, 1935) show norma- 
tive olivine only in two analyses, one a short 
distance below the top (3.98 per cent), and the 
other near the middle (2.43 per cent). A diabase 
sill on the north shore of Lake Huron (Emmons, 
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| 1492 
| 
| facies | | ’ two 
basalt t 
| 249 272 297 | 314 
| Anz | Ane | Aner Ang Anes 
| 65.2 | 59.2 | 61.5 60.5 64.0 
| 9.2 | 13.2 | 18.9 17.8 7.7 
5.8 22.4 14.0 17.0 16.2 
13.5 3.4 2.0 3.6 8.6 
6.3 1.8 3.6 1.1 | 3.5 
ee | 10.0 | 100.0 100.0 | 100.0 100.0 | 100.0 
1683 | 1699 | 1716 
be basalt basalt basalt (chill zone) fi 
t 
i 
100.0 100.0 100.0 ¥ 
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and 16, Analyses 4, 5). These flows are rela- 
thin zone a short distance below the top. tively thin and therefore probably relatively un- 

These concentrations indicate that at least differentiated. Furthermore, Broderick’s sample 
two periods during solidification were especially (Table 15, analysis 4) is a composite from chips 


1927) contained normative olivine only in a 


SPECIMEN 


* 02 Copper ~ 
Ol = 


BASE OF FLOW AT 


Ratio MgO /totol Fe as FeO 


600 800 1000 1200 


i 
DEPTH BELOW TOP 


FicurE 7.—VARIATION IN THE GREENSTONE FLOW or CoMBINED WATER, COPPER, SULPHUR, AND THE 
Ratio oF McO to Totat FE CALCULATED As FEO 


Dots and solid lines indicate ophitic basalt. Circles and dashed lines indicate pegmatititic facies. 


favorable for the formation and/or mechanical at uniform intervals from top to bottom of the 
concentration of olivine. In at least three of flow. Analyses 4 and 5 in Table 15, then, should 
the flows or sills for which chemical information represent approximately the composition of 
is available, the ophitic basalt or diabase that Java which crystallized to form a sodic pla- 
contains the later concentration of olivine also gioclase and olivine in preference to pyroxene. 
contains a greater amount of soda and potash, These apparently anomalous occurrences of 
and slightly less lime than the underlying  gjivine must be related to: (1) special condi- 
ophitic basalt or diabase. The rock containing tions that caused mechanical concentration; 
with and/or (2) unusual compositions of the magmas 
from which the rocks formed. In the Greenstone 
‘ flow, (discussed under differentiation hypothesis 
oxide. The A) mechanical processes may have caused the 
gp late olivine concentration. In the sodic andesites 
olivine were not such 28 to cause notable en- and dacites, however, olivine must have formed 
Certain of iti i . 
and dacite Chemical relations between olivine, pyrox- 
trict, like the central olivine-rich layer of the ne, and quartz in the system MgO-FeO-SiO; 
Greenstone, contain a sodic plagioclase and a have been studied experimentally by Bowen 
large ratio of olivine to pyroxene (Tables 15 and Schairer (1935). Working with anhydrous 
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SPECIMEN 
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38 


ORTHOCLASE 


ALBITE 


--° ANORTHITE 


WEIGHT 


4 


HYPERSTHENE 


BASE OF FLOW AT 


SOLVING 


QUARTZ 


ILMENITE 4 


MAGNETITE 
+ 


~ APATITE 


200 600 


PERCENT 
4 
4 
4 
° 
4 
v 
2 
m 
L 
1299 FEET 


m 
+ 


800 1000 
1 1 


OEPTH BELOW TOP 


Ficure 8.—VaRIATION OF NORMS IN THE GREENSTONE FLOW 
Dots and solid lines indicate ophitic basalt. Circles and dashed lines indicate pegmatitic facies. 


melts, they found that with strong fractional 
crystallization 


“the crystalline products—would range all the way 
trom highly magnesian olivine as the earliest crys- 
afls, through highly magnesian pyroxene accom- 


panied by silica, then more ferriferous pyroxene ac 
companied by silica, to highly ferriferous olivine 
again accompanied by silica.” 


In the Greenstone flow, the writer found by 
optical methods that the olivine and pyroxene 
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TaBLe 13.—CHEMICAL ANALYSES OF THE GREENSTONE FLOW* 


185 


EEE 378 422 578 684 800 1290 
Width (ft.)........ 24 7 7 5 7 1.5 
le IIR 50.11 | 47.30 | 47.64 | 45.04 | 47.56 | 63.30 | 48.59 
Al,O3.. : 13.89 | 14.72 | 13.57 | 13.30 | 13.60 | 12.86 | 13.85 
Fe,0s.. 3.75 3.34 3.80 3.89 2.43 3.16 4.64 
FeO... 10.42 9.23 7.56 9.76 8.95 2.78 7.37 
MgO... 3.77 4.55 5.39 6.68 6.49 1.76, 7.62 
CaO... 6.56 | 10.61 | 13.25 9.90 | 12.71 5.98 6.96 
NaO... 3.39 3.65 2.24 2.26 2.50 3.35 2.26 
K,0.... 1.82 0.22 0.90 1.47 0.57 3.61 2.62 
H;0+. 2.63 2.94 2.35 3.94 2.56 1.49 2.53 
H,O-. 0.39 0.26 0.56 0.46 0.30 0.73 1.14 
Op... 0.02 0.24 0.04 0.04 0.00 0.01 0.12 
TiO... 2.74 2.61 1.99 2.78 2.15 0.85 2.02 
P03... 0.43 0.28 0.23 0.48 0.17 0.17 0.23 
ee 0.05 0.03 0.02 0.03 0.02 0.02 0.02 
Cu0.. 0.037| 0.044] 0.013] 0.046] 0.048| 0.009} 0.028 
Mn0.. 0.22 0.19 0.19 0.21 0.22 0.11 0.17 
, | rem 100.23 | 100.21 | 99.74 | 100.29 | 100.28 | 100.19 | 100.17 
2.92 3.02 2.98, 2.98 2.71 2.90 
Total Fe as FeO............| 13.79 | 12.24 | 10.98 | 13.26 | 11.14 5.62 | 11.55 
0.030] 0.035} 0.010] 0.037} 0.038] 0.007| 0.022 
MgO/FeOf ........... 0.273 | 0.372| 0.491] 0.504] 0.583] 0.313] 0.660 
297 | | G26 | 
Norms 
Quartz...... 2.40 0.42 18.54 
Orthoclase. . 10.56 1.11 5.56: | 8.90 3.34 | 21.13 | 15.57 
Albite.. .. 28.82 | 30.92 | 18.86 | 18.86 | 20.96 | 28.30 | 18.86 
Anorthite. 17.24 | 23.07 | 24.19 | 21.68 | 24.19 9.45 | 20.02 
Diopside 
Wo... 5.22 | 10.79 | 16.59 9.78 | 16.24 6.15 4.87 
En... 2.40 5.60 | 10.00 5.80 9.10 4.40 3.30 
Fs... 2.77 4.88 5.68 3.70 6.47 1.19 1.19 
Hypersthene 
En.... 7.00 2.50 3.50 4.10 1.20 15.40 
Fs.... 8.84 2.24 2.11 2.64 0.79 5.15 
Olivine 
Fo.. 2.38 4.76 4.20 0.56 
Fa.... 2.24 3.26 3.26 0.20 
Wollastonite 2.32 
Apatite... 1.01 0.67 0.67 1.34 0.67 
Imenite. . 5.17 5.02 3.80 5.32 4.10 1.67 3.80 
Magnetite 5.57 | 4.87 | 5.57 | 5.57 | 3.48 | 4.64 | 6.73 
Pyrite. ... 0.12 


° 
3 
~ 
BS 
| 
t 
= 
4 
x, 
C- 


186 H. R. CORNWALL—KEWEENAWAN LAVAS, MICHIGAN 
TABLE 13.—Continued 
G2s3 | G27 | Gass | Gss9 | G26 | 
Norms—Continued 
area: Meer 3.20 2.91 4.40 2.86 2.22 3.67 
99.86 | 100.11 | 100.19 | 100.01 | 100.29 
Plagioclase composition. Angas Anse Ans Ans Anos Ang 
Modes (weight per cent) 
55.4 37.3 47.7 51.6 48.0 
16.7 18.6 30.3 8.3 26.6 
Timenite, magnetite......... 10.7 13.3 6.6 7.8 10.7 1.5 
Epidote, chlorite............ 15.8 15.8 3.2 24.1 6.3 Pr 
Apatite.. 0.4 0.4 0.8 0.7 
1.0 14.6 8.8 4.8 4.1 
100.0 100.0 100.0 100.0 100.0 
Plagioclase composition. .. Anjo Ang An; Ano Any 


* All the samples except G26 are of core from diamond drill holes Manitou 3, 4, and 5 N. G26 is from 
an eplite dike at Lake Medora. Analyses by L. C. Peck, Rock Analysis Laboratory, University of Minne- 
sota. The flow is 1,300 feet thick. All depths are measured to the middle of the zone sampled, and include 
the amygdaloid and upper basalt zone which Broderick omitted. Corresponding horizons are consequently 


60 feet lower by the writer’s measurements. 


t Specific gravity at 4°C. Determinations by Norman Davidson, Geochemistry and Petrology Branch, 


U. S. Geological Survey. 
t Total Fe calculated as FeO. 


§ Interstitial, semiopaque material, partly kaolinite. 


change composition only slightly from the base 
to the middle of the flow. The olivine ranges 
from Foe,Fayg near the base to FossFa,. at the 
middle of the flow. There is no contrast in 
composition of the early and late phases com- 
parable to that found by Bowen and Schairer. 
Furthermore, the late concentration of olivine 
is not accompanied by quartz. To use Bowen 
and Schairer’s data to explain the reappearance 
of olivine as an important primary phase in 
the later stages of crystallization in the Green- 
stone, it will be necessary to postulate changes 
in the phase relationships owing to the presence 
of volatiles, NazO, K,0, and other constituents 
in the magma. 

= In the Greenstone flow the lower pegmatitic 


layers are also high in normative olivine, but 
concentrations of vesiculated vapors, evidenced 
by their amygdaloidal structure and greater 
degree of alteration, apparently prevented its 
formation. Thin sections and modes show that 
these lower pegmatitic layers differ from the 
adjacent ophitic basalt in that they contain 
albite, small amounts of quartz, larger amounts 
of prehnite and epidote, and no olivine. 


“ Big” Trap 


Six chemical analyses of the “Big” trap were 
obtained for comparison with the Greenstone 
(Table 14; Fig. 9). Fe, Ca, Ti, P, and Mn are 
definitely more abundant in the pegmatitic 
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facies than in the adjoining andesite and ba- 
salt, and, except for Ca, are decidedly concen- 
trated in the upper half of the flow (as is Na 
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FIGURE 9.—VARIATION OF NORMS IN THE 
Trap 
Dots and solid lines indicate ophitic basalt. Cir- 
cles and dashed lines indicate pegmatitic facies. 


also). Na and K (the latter in particular) are 
more abundant in the andesite at a depth of 
82 feet (sample 1399) than would normally be 
expected. Thin sections of this andesite show 
that the plagioclase has been intensely altered 
to sericite and chlorite, and is more sodic than 
in the normal andesite. The ratio of TiO: to 
modal magnetite was found to be of the same 
order of magnitude in the andesite-basalt and 
in the pegmatitic facies. 

The proportion of MgO to total Fe calculated 
as FeO is markedly higher in the andesite-basalt 
than in the pegmatitic facies, and is highest in 
the ophitic basalt sample at a depth of 205 feet. 
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It increases steadily in the successively deeper 
pegmatitic layers. Thin sections show that the 
pegmatitic facies contains considerable epidote 
and prehnite, which probably accounts for its 
rather high lime content. Normative quartz 
occurs only in the pegmatitic facies and de- 
creases in amount downward in the flow. The 
Greenstone flow shows a similar trend, less 
pronounced. 

Copper is rather uniformly distributed 
throughout the flow, except that.it is very 
abundant in the basal chill zone, perhaps due 
in part to the introduction of copper along the 
contact by later migrating solutions, although 
there is no direct evidence. Unlike the other 
pegmatitic layers studied, copper content of the 
pegmatitic facies in the “Big” trap is lower than 
in the andesite-basalt. 

Relative proportions of FeO to Fe,0; range 
in the Greenstone from 1.5:1 to 4:1, and in the 
“Big” trap from 1:1 to almost 1:3. 

Silica content of the Greenstone flow ranges 
from 45 to 50 per cent, and that of the “Big”’ 
trap from 44 to 47 per cent. The silica content 
of the pegmatitic facies averages slightly higher 
than that of the basalt in both flows; the alu- 
mina content is slightly lower. 


DIFFERENTIATION 
Basic Facts 


1. Chill zones. Each flow has a thin, slightly 
amygdaloidal basal chill zone and a much 
thicker upper chill zone, amygdaloidal toward 
the top, indicating greater cooling from the top. 

2. Pegmatitic layers. (a) Position in flow: Ex- 
cept for small, scattered, irregular, pegmatitic 
segregations, the pegmatitic layers occur in a 
zone whose base lies near the middle of the 
flow, and whose top is at the base of the upper 
chill zone. 

(b) Orientation: With few exceptions, the 
pegmatitic layers lie in a plane parallel to the 
flow itself. 

(c) Thickness and spacing of the successive 
pegmatitic layers vary irregularly in all the 
flows studied except the flow exposed at the 
South Range quarry, where the pegmatitic lay- 
ers are progressively thinner and closer together 
from the middle of the flow upward. 

(d) Texture: The pegmatitic zones are mod- 
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TaBLe 14.—CHEMICAL ANALYSES OF THE “Bic” Terap* 
T1370 T1413 T1501 
ce 53 82 96 184 205 400 
Sree 5 5 4 2 
SiO... . 45.84 46.40 47.25 46.14 44.35 44.69 
Al,Os. . 13.17 16.36 14.50 12.09 18.10 16.35 
Fe.0s3. . 11.18 7.28 7.80 9.80 8.02 6.03 
FeO.... 4.65 5.49 6.13 5.70 4.67 6.58 
MgO... 4.70 6.43 4.72 6.06 7.30 7.25 
a 10.69 7.85 9.16 9.84 9.38 9.11 
Na,O... 2.69 3.44 3.77 3.48 2.43 2.63 
K.0.... 0.04 1.06 0.24 0.52 0.51 0.76 
H.0+ 2.72 2.60 2.69 1.98 2.43 3.30 
H,O—. 0.13 0.26 0.10 0.23 0.58 0.76 
a 0.19 0.01 0.03 0.06 0.03 0.04 
>: 3.47 2.29 3.23 3.23 1.90 2.18 
P2Os. .. 0.40 0.26 0.35 0.37 0.22 0.26 
ins. 0.02 0.07 0.06 0.02 0.01 0.05 
CuO. 0.019 0.017 0.018 0.021 0.022 | 0.00 
Mn0. 0.22 0.17 0.20 0.23 0.15 0.17 
TR candice ten 100.13 99.99 | 100.25 | 100.06 | 100.10 | 100.22 
Sp.Grf.. . 2.99 2.95 2.96 3.03 2.87 2.87 
Total Fe as s FeO. 14.71 12.04 13.15 14.52 11.89 12.00 
Ce... 0.015 0.014 0.014 0.017 0.018 | 0.048 
MgO/FeO$. 0.319 0.534 0.359 0.417 0.614 | 0.604 
T1370 T1399 T1413 T1501 T1522 T1716 
Norms 
Quartz...... 7.26 3.54 1.62 
Orthoclase. .. 6.67 1.11 2.78 2.78 4.45 
[ro 23.06 28.82 31.96 29.34 20.44 22.53 
Anorthite. 23.63 26.13 21.96 16.12 36.97 30.58 
Diopside 
Wo.... 10.56 4.52 8.70 12.53 4.06 5.34 
En.. 9.10 3.90 7.50 10.80 3.50 4.00 
0.79 
Hypersthene 
ae 2.70 8.40 4.30 4.40 13.00 7.00 
Fs.. 0.26 2.11 
Olivine 
Fo. 2.66 1.26 4.48 
Fa.. 0.61 
Apatite... 1.01 0.67 1.01 1.01 0.67 
Iimenite.. 6.69 4.41 6.08 6.69 3.65 4.26 
Magnetite. . 5.57 10.67 10.90 8.82 9.98 8.82 
Hematite 7.36 0.32 3.68 1.12 
Pyrite. . 0.12 0.12 
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TABLE 14—Continued 
T1370 | T1399 | T1413 | Tisot T1522 TiN6 
Norms—Continued 
2.85 2.86 2.79 2.21 3.01 4.06 
Total. ..c.cccccsccaccesecssevesess| £00.09 | 100.29 | 100.29 | 100.00 99.77 | 100.45 
Plagioclase composition . Anso Ang Ang Angs Angs Ans7 
Modes (weight per cent) 
39.4 62.2 51.1 42.7 43.9 43.0 
Ilmenite, magnetite..................| 21.3 10.2 21.8 13.9 25.4 19.6 
Epidote, chlorite. 22.5 10.7 8.3 10.0 9.8 
Plagioclase composition................| Amu Angs Anjo Ang Angs Ans3 


* Samples obtained from diamond drill hole C & H 28. Analyses by L. C. Peck, Rock Analysis Labora- 
tory, University of Minnesota. All depths are measured to the middle of the horizon sampled. The flow is 


402 feet thick. 


t Specific gravity at 4°C. Determinations were made by Norman Davidson, Geochemistry and Petrology 


Branch, U. S. Geological Survey. 
t Total Fe calculated as FeO. 


erately amygdaloidal and coarser-grained than 
the adjacent ophitic basalt. In the “Big” trap, 
for example, the plagioclase laths of the pegma- 
titic facies average 2 times as long and 2} times 
as thick as those of the ophitic andesite-basalt, 
and the interstitial grains of pyroxene, ilmenite, 
magnetite, chlorite, and other minerals are cor- 
respondingly coarser. The texture is only locally 
ophitic. Pyroxene grains occupy the interstices 
between plagioclase laths in the same manner 
as in the ophitic basalt, but each interstitial 
grain has a different orientation. 

(e) Structure: In the lowermost pegmatitic 
layers of the Greenstone flow, the pronounced 
planar structure is due to a preferred orienta- 
tion of the plagioclase laths with the long axes 
parallel to the plane of the layer. No linear 
parallelism has been noted. 


(f) Composition of plagioclase: The plagio- 
clase of the pegmatitic facies is albite or albite- 
oligoclase, but that of the ophitic basalt is 
labradorite or labradorite-bytownite. 

(g) Chemical composition: H,0 plus, P, Ti, 
S, Fe, Cu, Mn, Na, K, and Si tend to be concen- 
trated in the pegmatitic facies whereas Al and 
Mg are deficient as compared with amounts 
present in the adjacent ophitic basalt. Varia- 
tions between pegmatitic facies and adjacent 
ophitic basalt are only slight in some cases. The 
ophitic basalt of the pegmatitic zone contains 
more Fe, Mn, Cu, Ti, Na, K, Si, and volatiles, 
and less Mg and Al than that of the underlying 
ophitic basalt zone. 

The ratio of MgO to total Fe calculated as 
FeO, and the amount of normative olivine 
where present, increase downward in the suc- 
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cessive pegmatitic layers, and in the intervening 
ophitic basalt. In the pegmatitic zones of the 
“Big” trap and in the upper part of the Green- 
stone, normative quartz decreases in amount 
downward. 

(h) Alteration and mineral concentrations: Deu- 
teric alteration, especially of plagioclase, is 
much more intense in the pegmatitic facies than 
in the ophitic basalt. Quartz, prehnite, chlorite, 
epidote, sericite, calcite, analcime, ilmenite, 
magnetite, apatite, native copper, and copper 
sulfides are concentrated in the pegmatitic 
facies. 

(i) Localization of deuteric alleration and aplite 
dikes: In the Greenstone flow at Cliff, intensity 
of deuteric alteration increased toward the top 
of the pegmatitic zone; aplite dikes and intersti- 
tial granophyric segregations are confined to 
the upper portion. Elsewhere in the Greenstone, 
aplite dikes have also been found near the base 
of the pegmatitic zone. 

3. Nonpoikiliticly included plagioclase. Pla- 
gioclase crystals and phenocrysts that are not 
poikiliticly included in pyroxene crystals are 
present throughout the ophitic parts of the 
flows. 

4. Graded layering of ophitic basalt. Near the 
base of the Greenstone at Allouez, the ophitic 
basalt is locally layered. The layers, ranging 
from less than 1 to 12 inches thick, typically 
have coarse poikilitic grains at the base grading 
upward to finer poikilitic grains, and have a 
sharp contact at the top (Pl. 2, figs. 1, 2). The 
layers appear to be a phenomenon brought 
about by the differential settling of varying 
sizes of poikilitic grains, analogous to graded 
bedding in sediments. 

5. Concentrations of minerals in the ophitic 
basalt. (a) Normally olivine is concentrated a 
short distance above the base of the flow. Oli- 
vine is also concentrated in certain zones in 
the ophitic basalt of the pegmatitic zone, espe- 
cially in the Greenstone flow (Fig. 3) where 
there is a pronounced and steady downward 
increase in the amount of olivine in the ophitic 
basalt of the pegmatitic zone from none at the 
top of the zone to more than 20 per cent at the 
bottom, a trend similar to that in the underlying 
ophitic basalt zone. 

(b) Most of the flows studied have a moderate 
concentration of pyroxene near the base of the 
flow. 
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(c) Plagioclase is most abundant in the Upper i 
part of the ophitic basalt zone above the op. r 
centrations of olivine and pyroxene, 

6. Syngenetic copper deposits. The amygdaloid 
of the Greenstone flow at Cliff was found tobe | 
mineralized with chalcocite and specular hem. 
tite. This concentration seems to represent the | 
culmination of an increase in sulfur and ferrie 4 
iron toward the top of the flow, and is therefore 
regarded as syngenetic. 


Process of Differentiation 


The writer believes that at least the first 
three and perhaps all of the following were pri- 
mary factors in differentiation of the flows 
studied: (1) cooling at a moderate rate, and pre- 
dominantly from the top; (2) differential set. 
tling of plagioclase, olivine, and ophitic pyrox- | 
ene crystals; (3) local concentration of volatiles 
and transport of materials by migration of th | 
volatiles; (4) periodic convective overtum o 
the magma during the later stages of crystalli 
zation. Two hypotheses appear plausible: Hy- 
pothesis A, based on the consideration that 
convective overturn was important, hypothesis 
B on the assumption that it was not. 

HYPOTHESIS A: The steady increase of the 
proportion of magnesia to total iron calculated 
as FeO in the successively deeper pegmatitic 
layers, and in the intervening ophitic basult, 
and other facts about the pegmatitic zone sug- 
gest that the order of formation of the pegm- 
titic layers, and of the intervening ophitic b- 
salt, was from the bottom to the top of the zone 
in which they occur. 

The much thicker upper chill zones of all the 
flows studied indicates that cooling from the | 
tops of the flows was more rapid than from the | 
bottoms, especially after the early stages 7 
solidification. Cooling from the top, by increas § 


ing the density of the upper portion of the B 
magma, would favor the development of con- 5 


vection currents; the uppermost magma, fur § 
thermore, being cooler than the underlying § 
magma, would crystallize more rapidly, and § 
therefore contain a greater proportion of crys 
talline material. 

Perret (1913), describing the circulatory sy> 
tem in the Halemaumau lava lake, has pre 
sented convincing evidence that the convection 
currents are caused by the descent of heaviet 
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cooled, semisolid surface lava, and that the 
lava, in fact, quite commonly moves down at a 
point where large bubbles of gas are moving up. 
Grout (1918b, p. 495) has suggested that the 
cooler magma (heavier both because of its 
greater density and because it contains abun- 
dant crystals) along the margins of intrusives 
like the Duluth gabbro may sink and move 
along the floor of the intrusive, inducing con- 
vection currents that aid in crystal sorting and 
cause banded layering. More recently, Hess 
(1938), Wager and Deer (1939), and Wahl 
(1946) have suggested that convection currents 
may be active in magmas. 

Assuming that convection currents were ac- 
tive, the following successive stages are pos- 
tulated: 

(1) Lava, carrying scattered intratelluric 
crystals of plagioclase and olivine, is extruded 
and comes to rest on a nearly horizontal land 
surface. 

(2) Cooling and crystallization progress in- 
ward from top and bottom. Crystals of olivine, 
plagioclase, and poikilitic pyroxene form and 
settle differentially. Volatiles, coming out of 
solution, stream toward the top. Differential 
crystal se\tling causes a moderate concentra- 
tion of pyroxene and a marked concentration 
of olivine in the ophitic basalt forming near the 
base of the flow. A moderate concentration of 
plagioclase is taking place toward the middle 
of the flow owing to an accumulation of non- 
poikilitically included crystals. 

(3) The flow is now about half solidified. The 
lower part is ophitic basalt; the upper part is 
magma overlain by a rather thick chill zone of 
fine-grained, amygdaloidal basalt, grading 
downward into fine-grained ophitic basalt. At 
this stage, most of the cooling is from the top 
and crystallization is more rapid there, too. At 
the top, therefore, a cooler, viscous layer of 
magma forms, which contains abundant crys- 
tals and becomes increasingly heavier than the 
underlying magma. This liquid contains more 
dissolved volatile material because it is cooler. 
According to Bowen (1928, p. 299), a drop of 
50°C. in the temperature of the melt may in- 
crease the solubility of volatiles by as much as 1 
per cent of the total mass. The increased 
amount of volatiles in solution in the upper 
layer, although not greatly changing its density, 
permits a greater temperature gradient between 
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it and the underlying magma without complete 
crystallization and freezing to the roof. 

Perret’s (1913) observations indicate that 
vapors, coming out of solution as crystalliza- 
tion proceeds, will bubble through the cooler 
upper layer of magma at the top of the cham- 
ber, and form a gaseous layer between it and 
the roof. If there is an avenue of escape, as 
there probably was from time to time during 
the solidification, the gases escape to the sur- 
face, forming fumaroles. In fact, as crystalliza- 
tion proceeded, the pressure of the gas in this 
layer may have increased until it pushed the 
roof up. If the roof cracked, the gases could 
escape. It is thus presumed that gases collected 
and escaped intermittently during crystalliza- 
tion. 

(4) Because cooling of the magma column at 
this stage is predominantly from the top, the 
upper layer of magma becomes sufficiently 
denser than the underlying one to overcome 
the resistance due to viscosity and there is a 
convective overturn. The cooler, viscous 
magma, containing abundant crystals and a 
higher-than-average dissolved gas content, 
flows to the bottom. Quite probably, when the 
cooler layer flows downward at one point it will 
suck down the upper magma over quite a large 
area (Perret, 1913, p. 343) and induce currents 
at other points, so that currents are simultane- 
ously active over the whole extent of the thicker 
parts of the flow. 

(5) Hot magma now near the top gradually 
cools. New crystals grow in this cooling magma 
and settle differentially, forming a layer of 
ophitic basalt above the viscous mush that has 
settled by convection from the top. Olivine is 
still crystallizing from the magma at this stage 
in some of the flows at least. Because of stirring 
of the magma (stage 4), the crystals now set- 
tling differentially become sorted according to 
their sizes and densities as they approach the 
base of the magma column (Hess, 1938). Oli- 
vine, the densest, is concentrated near the base 
of the layer of ophitic basalt now forming. The 
olivine concentration may be enhanced at this 
stage because of an increase in its rate of 
crystallization. The liquid that is at the top of 
the magma column after the first convective 
overturn was originally near the center, or hot- 
test, part of the flow and is probably relatively 
undifferentiated because crystallization has 
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been slight in that zone. In its new, cooler en- 
vironment this liquid starts to crystallize and 
olivine forms at a rate comparable to that dur- 
ing the early stages when the olivine concentra- 
tion near the base of the flow formed. 

Crystallization in the viscous mush will cease 
for a time because of its new, warmer environ- 
ment and the very slow rate of cooling from 
below. The interstitial liquid of the immedi- 
ately overlying ophitic basalt, having a some- 
what lower volatile content will have become 
essentially solid before crystallization starts 
again in the underlying mush. When crystalli- 
zation does begin in the underlying mush, the 
volatiles start coming out of solution. They can 
not escape, however, because of the overlying 
layer of newly-formed ophitic basalt. Therefore 
they collect in the top of the mush, alter the 
plagioclase from labradorite to albite-oligoclase, 
and cause the formation of epidote, chlorite, 
prehnite, quartz, and apatite”. In this way the 
volatiles are used up and a pegmatitic layer is 
formed. 

(6) Stages 4 and 5 are repeated successively 
until the flow has solidified. The uppermost 
pegmatitic layers contain interstitially a resid- 
ual liquid rich in silica and a vaporous solution 
(Fenner, 1933; Morey and Ingerson, 1940). The 
silicic residual liquid forms interstitial grano- 
phyric intergrowths and aplitic dikes. The vapor 
reacts with the crystalline material and forms 
amygdaloidal fillings. 

Throughout the crystallization of the flow, 
volatiles containing Fe and Cu may have es- 
caped intermittently through the upper chill 
zone. Where the conditions of temperature and 
composition were right (as in the Greenstone at 
Cliff), deposits of earthy and specular hematite, 
chalcocite, chalcopyrite, and native copper were 
formed in the amygdaloid. 

HYPOTHESIS B: If convection currents were 
not active in the flows, Stages 1 and 2 will be 
the same as in Hypothesis A. Cooling will again 
be predominantly from the top during the 


greater part of the solidification of the flow, 


? Bowen (1933) states that anorthite and pyrox- 
ene are unstable in the presence of high concentra- 
tions of volatiles in gabbroic Wagma, and that 
albite is stable. Anorthite yields to albite; anorthite 
plus Fe-rich pyroxene to epidote and chlorite, and 
in an excess of volatiles to zeolites, datolite, and 
thaumasite. 


increasingly so as time goes on. Therefore a ten. 
perature gradient is established, the temper. 
ture increasing from the top to the bottom g 
the magma column. 

As the magma at the top cools, it takes jp. 
creasing amounts of volatiles into solution, 
Crystallization proceeds in all parts of th 
magma simultaneously. The upward-streaming 
gas bubbles enrich the upper magma in imp 
and other more volatile constituents, Therefore, 
because of a temperature and composition 
gradient in the magma, crystals forming at the 
top have a slightly different composition from 
those forming at the bottom. Crystal settling 
s inhibited and finally stopped by the increas. 
ing proportion of crystals in the magma. 

Volatiles may escape intermittently through 
fractures in the upper chill zone, especially in 
the earlier stages of solidification. At times, 
however, vapors become concentrated in the 
magma at the base of the solid roof. This vapor- 
rich crystal mush will not solidify completdy 
until some time after the underlying mush be- 
cause of the lower freezing point of its late 
fractions. Consequently a solid floor will form 
beneath a layer of volatile-rich crystal mush, 
which will solidify sometime later to forma 
pegmatitic layer. 

As crystallization continues in the main body 
of magma, volatiles stream upward, concentrat- 
ing beneath the new and lower roof. The process 
outlined is repeated and another pegmatitic 
layer is formed, and so on until the last pegma- 
titic layer solidifies near the middle of the flow. 
The composition of the residual magma at the 
center of the flow is in some flows (viz. the 
Greenstone) such that olivine crystallizes 2 
abundance to form olivine-rich basalt. 


Summary 


The writer believes that either or both of the 
hypotheses presented may be correct. It is pos- 
sible that there was convective overturn in the 
thicker flows and not in the thinner flows. The 
magma column may have been too thin and the 
rate of cooling too rapid for convection in the 
thinner flows. In the thicker flows, too, the 
magma column in the late stages of solidifice 
tion may have been too thin for convective 
overturn. 
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In the flow at South Range quarry, the layers 
probably formed successively downward at 
least in the upper part of the pegmatitic zone. 
Crosscutting pegmatitic veins seem to follow 
vertical joints and connect one tabular layer 
with another. The layers are successively closer 
spaced toward the top, and at the top is a zone 
of coalescing amygdaloidal ophitic basalt, sepa- 
rated from the overlying fragmental amygda- 
loid by a sharp contact. The ophitic basalt in- 
creases in grain size downward and is intensely 
altered, especially toward the top of the zone, 
so that it approaches the pegmatitic facies in 
mineral composition. None of these features 
have been noted in the other flows studied. Ir- 
regular pegmatitic patches, in places elongated 
in a plane not parallel to the base, have been 
noted in all of the flows. 

In the Greenstone flow, the residual, intersti- 
tial liquid in the upper pegmatitic layers had a 
granophyric composition. It probably remained 
fluid long after the rest of the rock solidified, 
since its temperature of solidification may have 
been as low as 750°C. This residual liquid crys- 
tallized interstitially in the upper pegmatitic 
layers and invaded the surrounding rock along 
joints, thus forming aplitic dikes. Crosscutting 
aplitic dikes have been found throughout the 
pegmatitic zone, but interstitial granophyre has 
been found only in the upper pegmatitic layers. 
These aplite dikes are similar in composition 
and probably in origin to those in the Palisades 
sill described by Walker (1940), at Goose Creek, 
by Shannon (1924) and at North Ulfo, Sweden 
by von Eckermann (1938). The aplites of the 
Greenstone flow, however, contain more potash 
and iron, and less soda and silica. 

The presence in the lowermost pegmatitic 
layers of the Greenstone flow of a pronounced 
planar structure (already described) must be 
explained, and the explanation may be different 
under the two hypotheses. There was evidently 
deformation in connection with the formation 
of the planar structures. The plagioclase occurs 
as idiomorphic laths, as in the ophitic basalt, 
and interstitial grains of pyroxene and other 
minerals are present. The individual grains of 
pyroxene, however, vary somewhat in orienta- 
tion. It is quite common to find a group of such 
grains that may have once constituted a single 
ophitic augite crystal. The individual grains are 
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now oriented in only slightly varying directions, 
as though a larger crystal had been broken up 
after formation. 

Structural data indicate regional disturbances 
before and after the extrusion of the Green- 
stone. If such a disturbance occurred when the 
lowermost pegmatitic layers were still unsolidi- 
fied—but surrounded by solid ophitic basalt 
above and below—the differential movement of 
the overlying and underlying solid rock prob- 
ably would have developed a planar structure 
in the pegmatitic facies. ; 

Another possible explanation of the planar 
structure is that, while the pegmatitic layer 
still contained interstitial liquid and vapor, 
cracks may have opened along that horizon or 
across the adjacent ophitic basalt, and the 
liquid and vapor may have been partly squeezed 
out of its original position by the pressure 
exerted by the weight of overlying rock. The 
thinner portions of the flow must have been 
completely solid by this time, and joints that 
were developing because of contraction due to 
cooling may have extended into the thicker part 
of the flow. The pianar structures would have 
been most pronounced in the lower pegmatitic 
layers because they were subjected to the great- 
est load of overlying rock. 

These methods are applicable under either 
hypothesis. In addition, if there were convection 
currents (hypothesis A), the planar structure 
may have been developed in the viscous mush 
of magma and crystals when it flowed down 
from the top and along the floor of the magma 
chamber. The preferred orientation of the 
plagioclase laths may have been more pro- 
nounced in the lower pegmatitic layers because 
the magma chamber was larger at the time, and 
stronger currents were consequently developed. 


DIFFERENTIATION AT DEPTH 
Variation in the Lava Series as a Whole 


Broderick (1935) obtained composite sam- 
ples of 12 mafic to intermediate Keweenawan 
flows, two felsite bodies (one probably a flow), 
and a syenodiorite (orthoclase gabbro). The 
stratigraphic thickness from the lowermost to 
the uppermost flow sampled is more than 
10,000 feet, extending both below the “Big” 
trap and above the Greenstone flow. 
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TaBLe 15.—Nors oF REPRESENTATIVE Lavas OF THE KEWEENAWAN SERIES IN Micuicay 
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(1) Analysis 3095 (Broderick, 1935, p. 536). 


(2) Kearsarge flow average (Broderick, 1935, p. 523). 


(3) Analysis 3110 (Broderick, 1935, p. 536). 
(4) Analysis 3103 (Broderick, 1935, p. 536). 


(5) Analysis 2a, Pewabic flow (U. S. Geol. Surv. Prof. Paper 144, 1929, p. 37). 


(6) Analysis 3091 (Broderick, 1935, p. 536). 
(7) Analysis 3129 (Broderick, 1935, p. 536). 
(8) Analysis 3104 (Broderick, 1935, p. 536). 
(9) Analysis 3159 (Broderick, 1935, p. 536). 


In considering the evidence of a cyclic change 
in the composition of the magma extruded, he 
said (1935, p. 553-554): 


“In the case of certain of the extensive and best 
known sediments, characteristically felsite conglom- 
erates, the immediately preceding flow, or group of 
flows, is of an intermediate type, known as glomer- 
oporphyrite. The immediately succeeding flow is 
an ophite. As examples, may be mentioned the 
Allouez and Kearsarge conglomerates and the Wol- 
verine sandstone. 


“In these cases and others, including Conglomer- 
ates No. 3 and No. 8, the immediately succeeding 
ophites are exceptionally thick and in many places 
doleritic [pegmatitic]. Examples of the doleritic 


ophites which succeed sediments are The Greet: 77 
stone, St. Louis (Big) Trap, and the flow above ee 


the Kearsarge Conglomerate.” 


The ophitic basalt of the Baltic flow overlies S 
the No. 3 conglomerate, the Kearsarge ophitie § 
basalt overlies the Wolverine sandstone, and § 
the Isle Royale ophitic basalt is part of # 
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DIFFERENTIATION AT DEPTH 


TaBLE 16.—Mopes IN WEIGHT PER CENT IN ABOVE THE GREENSTONE 


(1) 


(3) (4) 
‘lomero) i 


Ilmenite, magnetite... 


Plagioclase composition.............- 


Plagioclase composition................. 


ophitic basalt series overlying the No. 8 con- 
glomerate. 

Broderick also suggests that the felsite con- 
glomerates may have formed by the breaking 
up of viscous, rhyolitic flows that plugged the 
volcanic vents, temporarily causing a hiatus in 
the volcanic extrusions. A typical volcanic 
cycle, then, would begin with the extrusion of 
mafic lava, which would be followed by ande- 
sitic and rhyolitic lavas. 

The norms and modes of flows, selected at 
scattered points across the entire stratigraphic 
section (Tables 15, 16), illustrate the relation- 
ship between textural characteristics of a flow 
and its composition. The modes in Table 16, 
from thin sections of flows above the Green- 
Stone, represent all the main types of rocks. 
The thin sections of olivine-rich ophitic basalt 
(analyses 1 and 2) came from two isolated out- 
crops about 10 miles apart. Both occur a short 


distance above one of the melaphyres (Table 
15, analysis 8) analyzed by Broderick and prob- 
ably represent a single flow. 

The glomeroporphyrites are the most under- 
saturated of all the rocks, and have a rather 
wide range in composition, the more calcic 
varieties overlapping the ophites both in com- 
position and in texture. The “Big” trap and 
the rock of analysis 3 of Table 15 are examples 
of the more calcic glomeroporphyrites. The 
more sodic glomeroporphyrites (sodic andesites 
and dacites) are characterized by sodic plagi- 
oclase and rather abundant olivine (Tables 15 
and 16, analyses 4 and 5). The more sodic 
glomeroporphyrites resemble the ophitic basalt 
near the middle of the Greenstone (Fig. 8, 
analysis 3146; Fig. 3, analysis 4-506) with their 
higher alkali content and abundance of olivine. 

The melaphyres tend to be somewhat more 
silicic than the ophites and glomeroporphyrites, 
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containing, for the most part, small amounts of 
free quartz, and little or no olivine. The felsites 
and felsite conglomerates, constituting only a 
small fraction of the entire section, are con- 
trasted with the other types of rocks by their 
extremely silicic character. 


General Trends in the Distribution of Elements 


In the felsites, as in the aplites within the 
Greenstone flow, there is a marked concentra- 
tion of Si and K, no great change in Na, and a 
deficiency in all other elements. The composi- 
tion of the felsites and aplites is thus sharply 
contrasted with that of the nearest genetically 
related type of rock. 

In the remainder of the flows, which consti- 
tute the bulk of the section, the more silicic 
facies generally contain greater amounts of Fe, 
Mn, Ti, P, S, Cu, Na, and K, and smaller 
amounts of Ca, Al, and Mg (as within the 
Greenstone and “Big” trap). However, the pro- 
portions of some of these elements—Fe, Mn, Ti, 
P, S, and Cu—increase only to a certain stage, 
characterized by sodic glomeroporphyritic an- 
desites and dacites, fine-grained andesites and 
dacites, and pegmatitic facies; the proportions 
then fall off sharply in amount in the more 
siliceous aplites and felsites. It seems reasonable 
to conclude, therefore, that the copper solu- 
tions, whether they formed epigenetic or syn- 
genetic deposits, were concentrated in, and 
derived from intermediate or rather mafic mag- 
mas, and not from the most siliceous magmas 
that formed the felsites. 


Comparison with Greenstone Differentiates 


The felsites and felsite conglomerates are 
similar to, though somewhat more siliceous 
than, the aplites of the Greenstone. They con- 
stitute a small fraction of the total thickness of 
the section, analogous to the small amount of 
aplite in the Greenstone as compared to the 
entire flow. If the conglomerates in upper part 
of the series are included, however, the propor- 
tion of felsitic rock in the section is considerably 
increased. The sodic glomeroporphyrites (sodic 
andesites) resemble the pegmatitic basalt near 
the base of the pegmatitic zone in the Green- 
stone, and the ophitic basalts of the region can 
be compared to the ophitic basalt of the ophitic 
basalt zone in the Greenstone. The olivine-rich 


ophitic basalt of Table 16 resembles (although 7 
it contains more olivine) the olivine-rich ophitie 1 
basalt near the base of the Greenstone (Table | 


7, sample 3-407; Fig. 3), and some of the meh. | 
phyres approximate the Greenstone chill zone 4 


in composition. 

All types of flows present in the lava series © 
therefore, can be duplicated by differentiation ; 
products of the Greenstone, and the propor. 
tions of the different types present in the series | 
below the conglomerates in the upper part of | 
the series and in the Greenstone seem roughly | 
comparable. Thus the processes of differentia. 
tion responsible for the variety of rocks in the © 
Greenstone could likewise explain the several ” 
types of flows. It is difficult, however, to explain 
repetitions of the different types of flows by — 
simple fractional crystallization, a process that 7 
appears to have been important in the Gren. © 
stone. Furthermore, if one considers that the | 
parent magma was a basalt, similar to the | 
Greenstone in composition, the more mafc § 
olivine-rich ophitic basalt (similar to analyse © 
1 and 2 of Table 16) would have formed asa @ 
result of differential crystal settling, and should 
never have been extruded as magma. : 

Possibly, however, the olivine-rich basaltic § 
magma contained intratelluric crystals of oli 
vine when it was extruded (Bowen, 1947, p. © 
270). Field data indicate that the lava was 
quite viscous when it flowed out. The olivine 
rich basalt occurs at scattered localities fora 
strike length of 10 miles. In the individual oc 
currences, however, the flow is thick (up to 10 | 


feet), and has a short strike length (500 v © 


1000 feet). 
Although the differentiation of the Green- 


stone demonstrates that it is possible to obtain 


contrasted types of lava from a primary basa © 
tic magma, it is also possible that the different 
types were generated at different levels in the 
earth’s crust, and were successively extruded 
from great depths (Kennedy and Anderson, 


1938; Buddington, 1943). The Michigan coppet | = 


district presents a real opportunity for further 
study of this intriguing problem. 


ORIGIN OF THE CopPER DEPOSITS 


Hypotheses 
Geologists generally agree that the Michigas fag 


copper deposits are genetically related to the a 
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igneous extrusives and intrusives that underlie 
a large part of the Lake Superior basin. The 
exact nature of that relationship is, however, 
still open to debate. 

At present, the following hypotheses of origin 
of the deposits are still open to consideration: 
(1) The deposits are epigenetic and formed by 
deposition from hot, ascending solutions (But- 
ler, Burbank, ef al., 1929; Broderick, Hohl, 
and Ejidemiller, 1946). (2) The deposits were 
formed by a combination of syngenetic and 
epigenetic processes (Lindgren, 1933, p. 523- 
525). Primary concentrations of copper from 
fumaroles, thermal springs, or playa lakes on 
the lavas were later reworked by hot, ascending 
solutions. (3) The amygdaloidal deposits are 
primarily syngenetic. 

The Michigan copper deposits doubtless 
formed in part at least by deposition from as- 
cending solutions after the lavas and inter- 
bedded sediments had been at least moderately 
tilted. Two unknown factors are the nature of 
the solutions, and the source of the copper. The 
supporters of a purely epigenetic origin, that 
postulates deposition from ascending solutions, 
have assumed that the solutions emanated from 
an underlying intrusive and that the copper 
was in the solutions when they left the intru- 
sive. The writer prefers the theory that ascend- 
ing, hydrothermal solutions dissolved primary 
copper syngenetically concentrated in certain 
amygdaloids and sediments within the lava 
series and redeposited the copper, on cooling, to 
form commercial deposits. 

Why does the Michigan copper occur largely 
in the native state? Most of the important cop- 
per deposits in the world consist primarily of 
copper sulfides. The advocates of a direct mag- 
matic source maintain that copper sulfide solu- 
tions emanated from a buried intrusive, and 
that the sulfur was oxidized by the ferric oxide 
in the permeable amygdaloids and conglomer- 
ates through which the solutions ascended. On 
cooling, the solutions precipitated native cop- 
per. 

This hypothesis does not explain at least one 
important fact: that some of the copper crys- 
tallized out of the flows as they solidified, and 
this copper, too, is mostly native. Both Brod- 
erick (1935; Broderick and Hohl, 1935) and 
the writer found that small amounts of copper 
are systematically distributed through the flows 
studied and concentrated in the pegmatitic 
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facies along with other relatively volatile con- 
stituents (Fig. 7). This copper was not deposited 
from copper sulfide solutions that had perco- 
lated through the rocks rich in ferric oxide, and 
yet, in a study of several dozen polished sec- 
tions, the writer has found that most of it is 
native copper. The epigenetic theory is thus 
weakened by the fact that some native copper 
formed in the Michigan copper district without 
the aid of magmatic sulfide solutions from a 
source at depth and without the need of oxidiz- 
ing the solutions. 

The writer prefers the theory that all the 
copper is native because it crystallized from a 
solution or liquid that was deficient in sulfur. 
This theory was favored by Lindgren (1933, p. 
418). It is more than a coincidence that, of 17 
occurrences of native copper in various parts of 
the world cited by Butler and Burbank (1929, 
p. 142-146), 13 occur in the amygdaloids of 
basaltic lavas. The writer believes that a unique 
factor, common to lavas in general, accounts 
for the world-wide association of native copper 
deposits with basaltic lavas. This unique factor 
may well be the rapid dissipation of much of 
the sulfur in a gaseous state as the lava cools 
at pressures close to atmospheric (Lindgren, 
1933, p. 418). Evidence that considerable sulfur 
boils off at an early state in the consolidation of 
lava is found in the Michigan copper district 
and elsewhere. . 

In the Greenstone flow at Delaware (Pl. 1, 
loc. 1), the upper chill zone from a depth of 52 
to 71 feet (Table 2) contains abundant dissemi- 
nated pyrite. The fine-grained basalt of the 
upper chill zone extends to a depth of 176 feet, 
but no disseminated pyrite is visible below a 
depth of 71 feet. Broderick’s (1935) chemical 
analysis of the entire upper chill zone is abnor- 
mally high in sulfur (Fig. 7), but the sulfur 
content near the top is probably notabiy higher 
than that of the lower part. By examination of 
outcrops, the writer found that visible dis- 
seminated pyrite is likewise concentrated in the 
upper part of the upper chill zone at Cliff (Pl. 1, 
loc. 10), and the amygdaloid is mineralized 
with chalcocite. Nosigns of mineralization were 
found along columnar joints that cross the 
upper chill zone at Cliff; the metallic minerals 
are in the solid rocks. The fact that the entire 
upper chill zone of the Greenstone is abnormally 
high in sulfur indicates that sulfur boiled cut of 
the flow during solidification. The high pyrite 
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content of the upper part of the uppe chill zone, 
plus the lack of mineralized joints crossing the 
chill zone where the pyrite occurs, indicates 
that the sulfur boiled out most rapidly during 
the early stages of solidification, before the 
columnar joints had formed. 

The Greenstone is the only known flow in the 
Michigan copper district with pyrite and high 
sulfur in its upper chill zone and chalcocite 
mineralization in its amygdaloid. Probably, 
because of the extraordinary thickness of the 
Greenstone, the upper chill zone started to 
freeze before much sulfur had boiled off from 
the main body of lava. Consequently a large 
proportion of the sulfur that volatilized and 
streamed upward through the lava was trapped 
and deposited in the upper chill zone rather 
than escaping into the atmosphere, as may have 
happened with the more normal thinner flows. 

Krauskopf (1948) has described the rapid 
escape of water vapor and sulfur gases by vesi- 
culation as the basaltic lava approaches the 
g'face in the central conduit of Paricutin vol- 
cano,. Great quantities of gas are emitted from 
the crater of the volcano, and lava with little 
gas is simultaneously emitted ‘rem tissures pear 
the base of the cone. SO; is promsinent in th 
was from the crater, the small axsoun: 
of gas emitted from the fissures with the lava 
contains almost no sulfur, but is rich in HCl. 
Krauskopf postulates that the lava nearly fills 
the central conduit, that the lava vesiculates 
violently in the conduit, and that the less solu- 
ble gases (notably the sulfur gases) escape so 
that the liquid that is ultimately extruded at the 
vents contains only small amounts of more 
soluble gases (notably HCl). 

The hypothesis that native copper forms 
where an igneous body solidifies at low pressure 
and copper sulfides normally form where an 
igneous body solidifies at moderate to high 
pressure can be tested by comparing basaltic 
lavas and genetically associated diabase sills 
and dikes (Butler and Burbank, 1929, p. 145). 
In an area near Coppermine River in the Cana- 
dian Arctic, native copper occurs uniformly dis- 
seminated through individual flows of large 
extent, whereas copper sulfides occur dissemi- 
nated through massive sills of diabase, which 
probably came from the same magma. 

If sulfur volatilizes and escapes at low pres- 


sures, the sulf .c content of basaltic lavas should 
be less than that of genetically related diahay 
and gabbro intrusives. The writer has compan © 
the sulfur content of basaltic lavas in the © 
Michigan copper district with that of the Dy. © 
luth gabbro and of two diabase sills at Duluth, © 
Very little information has been published on | 
the sulfur content of the Duluth gabbro, but | 
two analyses of typical gabbro published by | 
Grout (1918c, p. 646) ran 0.03 per cent and § 
0.11 per cent S respectively. Three diabase § 
samples (Schwartz and Sandberg, 1940, nos, 7 
1, 3, 14, p. 1144), furnished to the writer by 
Schwartz, contain 0.04, 0.05, and 0.10 per cent 
sulfur (analyst, Charlotte M. Warshaw, U.§, | 
Geological Survey). The average for the 13 | 
available composite analyses of basaltic lavas — 
in the Michigan copper district is 0.015 per cent 
S. Each of the flows sampled averaged less than © 
0.02 per cent S except the Greenstone, andin © 
the Greenstone sulfur apparently was trapped 
in the upper chill zone because of the greai 
thickness of the flow. 

Another question to be considered is: Did the | 
maoiten lavas contain enough copper to supply 
the ascending solutions adequately? To ge 2 © 
idea of the probate range in the primary wo 
per content of the fawas we wiil consider 
composite analyses of thie relativeiy thin. tows 
sampled by Broderick (1935). In using these | 
analyses, we assume that the thin flows chilled 
rapidly and solidified before much -opper & 
caped with the volatiles. 

Three fine-grained flows range from 0.03 @ 
per cent to 0.038 per cent copper. A fourth fine ‘i 
grained flow contains 0.002 per cent copper. 
The latter flow, along with two thick, fine 7 
grained flows that contain 0.003 per cent © 
copper, occur stratigraphically low in the 7 
Keweenawan series, and their low copper con 
tent may be related to their stratigraphic 
position. Two relatively thin, glomeroporphy- 
ritic flows contain 0.002 per cent and 0,022 pet 
cent copper respectively. These analyses ind 
cate that the primary copper content of the 
lavas ranges from almost none to around 0.04 
per cent. 


Three thick, relatively coarse-grained, ophitit 


flows, sampled compositely, ranged in coppet 
content from 0.008 per cent to 0.012 per cent. ; 
The copper content of these flows is low and g 
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nearly the same for each flow. If these flows 
originally contained 0.023 per cent to 0.038 per 
cent copper, like the thin flows mentioned 
above, they must have lost some two-thirds of 
it, presumably by boiling out with the vola- 
tiles. 

The Kearsarge flow, whose amygdaloid is 
commercially mineralized for a strike-length of 
6 miles, is one of the thicker, ophitic flows 
whose primary copper content is low (0.009 per 
cent). The flow was compositely sampled (Brod- 
erick, 1935; Broderick and Hohl, 1935) in the 
commercially mineralized zone where the flow 
is about 190 fee: thick. The writer determined 
the average copper content per square foot of 
lode area in the commercially mineralized zone, 
and distributed this copper through a column 
of Kearsarge rock with dimensions of 1 square 
foot by 190 feet (the thickness of the flow). To 
this figure was added the primary copper con- 
tent of 0.009 per cent determined by Brod- 
erick (1935). The average copper content 
obtained by the above method was 0.043 per 
cent, only slightl; higher than the highest 
values ia the thin fiows. It is thus quantita- 
tive.e possible the Kearsarge lode was 
caineralized by pure syngenctic processes with 
copper derived from the iumed®.tely subjacent 
dow. Other evidence indicates, however, that 
much of the commercia! copper was deposited 
from, or at least reworned by, hydrothermal 
solutions. 

The writer has shown (1) that the native 
state of the copper is most readily explained by 
assuming that the copper was originally a pri- 
mary constituent of the lavas themselves, and 
(2) that the amount of copper in the original 
lava, if accumulated into top top, is quantita- 
tively adequate to explain the concentration in 
one of the principal ore deposits. The following 
facts also suggest the importance of syngenetic 
processes: 

(1) The distribution of primary copper in the 
pegmatitic flows studied by Broderick (1935; 
Broderick and Hohl, 1935) and the writer, and 
its concentration along with other relatively 
volatile elements in the pegmatitic facies, sug- 
gests that it was deposited by syngenetic proc- 
esses in the thicker flows. 

(2) In the amygdaloidal deposits, copper is 
commonly concentrated in the sparsely cellu- 
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lar, relatively impermeable basal portion of the 
amygdaloid in preference to the more permeable 
fragmental portion above, and in places the 
fine-grained rock for 10 feet or more below the 
amygdaloid contains fine specks of disseminated 
copper and scattered vesicles filled with copper. 

(3) Chemical analyses (Broderick, 1935) 
show that the fine-grained basalt just below 
the Kearsarge amygdaloid and the pegmatitic 
facies both contain greater amounts of the 
relatively volatile elements than the main body 
of the flow. The relatively volatile elements, 
including copper, were probably concentrated 
by syngenetic processes. 

(4) Chalcocite was deposited in the amygda- 
loid of the Greenstone flow at Cliff, and evidence 
that this mineralization is syngenetic has been 
presented. 

(5) The two largest amygdaloidal deposits of 
the district, the Baltic and Kearsarge lodes, 
occupy the amygdaloids of thick ophitic flows 
similar in composition to the pegmatitic flows; 
in the Kearsarge, for which data on thickness 
are available, the deposit occurs where the 
flow is thickest. Probably the primary copper 
was carried to the tops of these relatively 
cuarse-grained, slow-cooling flows by volatile 
transfer doring ctyseallization. The transfer 
capper would ha most pronounced whe "2 
the tiows are thickest. 


Conclusions 


The pote ../?’ importance of syngenetic proc- 
esses in formu. at least primary concentrations 
of copper in the Michigan copper district must 
be recognized. A world-wide association of 
native copper with basaltic lavas suggests that 
some factor common to lavas causes the forma- 
tion of native copper in preference to copper 
sulfides. The writer suggests that lavas lose 
more sulfur by volatilization than intrusive 
bodies because of the low pressure at which 
they solidify. Native copper may form in lavas, 
in preference to sulfides, because there is a 
deficiency of sulfur. If this hypothesis is valid, 
the native state of the copper indicates that 
its immediate source is the lavas in which it 
occurs, rather than a subjacent intrusive from 
which the copper was emanated in hydro- 
thermal solution. 
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Evidence has been presented that there was 
a concentration of copper in the pegmatitic 
facies during the solidification of the flows. It 
has also been shown that copper was probably 
concentrated by syngenetic processes in the 
amygdaloid of the Greenstone flow at Cliff. 
The writer postulates that primary concentra- 
tions of copper, either as native copper or as 
unstable copper salts, formed in the amygda- 
loids of the flows by syngenetic processes. The 
primary, syngenetic copper was derived mainly 
from flows whose original copper content was 
higher than normal. The primary copper was 
deposited in the amygdaloids from fumaroles 
or thermal springs, and in the sediments from 
playa lakes. The copper was concentrated in the 
playa lakes by the action of thermal and sur- 
face waters that percolated through the 
amygdaloids. 

Some evidence suggests that the amygda- 
loidal copper deposits are genetically related 
to the flows in which they occur, and that the 
copper has been only slightly reworked by 
later ascending solutions. Several of the im- 
portant Michigan deposits, however, were 
formed by deposition from ascending solutions 
after the lavas and sediments had been at least 
moderately tilted. Hot, ascending, hydrother- 
mal solutions formed these deposits by rework- 
ing earlier syngenetic copper concentrations in 
amygdaloids and sediments. 
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TRIASSIC TO TERTIARY STRATIGRAPHY NEAR CERRO 
DE PASCO, PERU* 


By F. Jenks 


ABSTRACT 


Near Cerro de Pasco, Peru, thrust faulting and close folding bring an eastern facies of lower Mesozoic 
limestones, 9500 feet thick, close to beds on the west oe the same age and one quarter as thick. The 
strata are Upper Triassic and may extend into the lower Liassic. Fossils are abundant but conclusive only 
as to the oldest beds, of late Triassic age. Original difference in thickness of the two facies is due to ab- 
normal accumulation in a narrow north-trending negative zone east of Cerro de Pasco, with rapidly dimin- 
ishing thickness and time continuity to the west. 

Tertiary strata, which have been confused with the Triassic in recent works, accumulated in low-level 
intermontane basins on folded and faulted Mesozoic and Paleozoic formations. Strong deformation at the 
end of the Cretaceous was followed, after the accumulation of Tertiary continental deposits, by thrust 
faulting and isoclinal folding in the early Tertiary. One member of the Tertiary sequence isa fanglomerate, 
study of which suggests a short period of movement between the two major ones. Minor warping is in- 
dicated toward the close of the Permian and Jurassic periods. Intrusive and extrusive igneous activity 
apparently closely followed early Tertiary deformation. 
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with the Cerro de Pasco Copper Corporation 
and led to field work the results of which are 
described here. Special attention was given to 
a great limestone sequence of lower Mesozoic 
age and to continental Tertiary strata, both of 


INTRODUCTION 


The geology of the Cerro de Pasco mining 
district in the Andean highlands of central 
Peru has been studied and discussed in detail 


(McLaughlin, 1924; McLaughlin and others, 
1933; Moses, 1942). Outside the mineralized 
area, however, larger structural and strati- 
graphic features of great complexity, aroused 
the writer’s interest during more than 3 years 


—_,* t from the American 
Philosophical Soci = 


which are complexly folded and faulted. In 
1940 Boit published articles in w’ «4 he claimed 
that formations described as probably Tertiary 
(McLaughlin, 1924) were actually Triassic. Ahl- 
feld (1932) stated that the strata containing 
rich silver ores at Colquijirca were Triassic, 
a claim shown to be in error by McKinstry 
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(1936), who, like McLaughlin assigned these 
strata tentatively to the Tertiary. 

Confusion of the Tertiary sequence of the 
region with the lower Mesozoic was due to lack 
of careful structural and stratigraphic studies. 
Accordingly, during 3 months of 1941, the 
writer carried on intensive field studies in the 
hope of clarifying the Mesozoic and Tertiary 
history of the region. 

In order to interpret stratigraphic and struc- 
tural relationships it was necessary to extend 
existing geologic maps of the Colquijirca and 
Cerro de Pasco districts to include other key 
areas. Geologic mapping was carried out on a 
scale of 1:20,000. The map (Pl. 1) shows the 
geology of 630 square miles, more than half of 
which represents new mapping. Elevations 
within the region range from 13,800 to 15,200 
feet above sea level. Trips were also made to 
the regions around Goyllarisquisga, Oroya, Car- 
huamayo, Huachén, and Tilarnioc (index map, 
Pl. 1) for reconnaissance study of comparable 
sections. 

The work was given impetus by valuable 
suggestions from Donald H. McLaughlin and 
was facilitated by the Cerro de Pasco Copper 
Corporation in many ways. The Corporation 
allowed free use of all geologic maps in its 
files and has generously consented to the publi- 
cation of the geologic map (PI. 1), parts of which 
are largely the work of J. M. Boutwell and J. A. 
Noble, who had previously been on the staff 
of the Corporation. The manuscript has been 
critically read by John H. Moses, Chief Ge- 
ologist of the Corporation, Otto Haas, and 
Bernhard Kummel. Paleontologic study of nu- 
merous fossil collections, made during the field 
work and presented to the American Museum 
of Natural History, has been undertaken by 
Haas, Newell, Wells, and Peck (Haas, 1947). 


Previous Work 


McLaughlin (1924) noted that in Cerro de 
Pasco the Triassic Uliachin limestone con- 
formably underlies a sequence of Liassic lime- 
stones and dolomites at least 4000 feet thick. 
Paleontological data at that time were inade- 
quate, but the general section was recognized 
with remarkable accuracy. McLaughlin pointed 
out that the youngest folded rocks in the Cerro 
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the Goyllarisquisga region. 

Steinmann (1929; 1930) tentatively assigned 
the Uliachin limestones to the Karnian (Upper 
Triassic). With more assurance he called lime. 
stones conformably above the Uliachin, lower 
and middle Liassic. The first close dating of a 
part of the Triasic near Cerro de Pasco came 
when Boit (1940b) reported the discovery of 
Entomonotis ocholica, of Norian age, at San 
Gregorio. Boit (1945) later reported the pres- 
ence of Norian limestones with E. ochotica 
east of Carhuamayo. Harrison (1943), in de- 
scribing the geology of an area in Junin De- 
partment south of Cerro de Pasco, noted that 
a Norian limestone sequence is followed by 
shale and limestone apparently largely of Lias- 
sic age. Cox (1949) considers the whole Ulia- 
chin sequence to be Norian. 


Pre-Triassic Rocks 


The oldest rocks of the general region sur- 
rounding Cerro de Pasco are schists cut by 
granites in a large area around Huachén to the 
east. These rocks are certainly pre-Permian, 
and may be as old as Precambrian. There is no 
evidence that the granitic rocks are Tertiary, 
as claimed by Welter (1946). Granite of this 
massif appears at the eastern edge of the ge- 
ologic map, unconformably covered by Permian 
strata. 

Another pre-Permian formation, the Ex- 
celsior group, is exposed in a broad, faulted 
anticline at Cerro de Pasco, but has not been 
recognized to the east. The Excelsior group is 4 
series of shales and phyllites with interbedded 


fine-grained quartzite and some calcareous lay- 


ers. It is an incompetent formation showing 
much close folding. No fossils are known from 
the Excelsior group, but it is tentatively con- 


sidered Devonian by comparison with litho ~ 


logically similar strata in the vicinity of Ambo 
to the north. 


In sharp angular unconformity above the | 
Excelsior group is a persistent but extremely | 
variable series of clastics named the Mitu | 


formation by McLaughlin. Dunbar and Newell 
(1946) described a section of this formation 
exposed at Tarma, and named it the Yaum 


de Pasco region are probably Tertiary, a con. ~ 
clusion based on structural data particularly jn ~ 
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group. Newell, Chronic, and Roberts (1949) 
demonstrated its Permian age and renamed it 
the Mitu group. 

In the vicinity of Cerro de Pasco the Mitu 
group is chiefly a conglomerate with pebbles 
of quartz and Excelsior-type argillaceous ma- 
terial. A short distance to the south, particu- 
larly in the valley northwest of San Gregorio, 
it consists largely of red sandstone, shaly 
sandstone, and interbedded quartz conglomer- 
ate beds. Red clastics also appear abundantly at 
and beyond the north edge of the present map 
area. Certain beds in these sequences strongly 
resemble the red arkosic section at Ambo. Vol- 
canic rocks, prominent in the Mitu 50 miles 
and more to the south, do not occur around 
Cerro de Pasco. 


TRIASSIC 
General Discussion 


Along the Andes of central Peru, east of the 
continental divide, the Mitu group is covered 
by thick Triassic or Liassic limestones. Recent 
work has shown that in the region between 
Oroya and Cerro de Pasco sediments of Norian 
age are represented in the lower part of the 
limestone. The Norian pelecypod Entomonotis 
ochotica was found by Boit (1940b; 1944) at 
San Gregario and Carhuamayo, and by Har- 
rison (1943) near Carhuamayo, Junin, Concep- 
cién, and Tarma. 

Entomonotis beds have been recorded as well 
from near Huaira, in the Chinchao valley 
northeast of Hu4nuco (Steinmann, 1929). They 
extend northwest to Leimebamba in the Utcu- 
bamba Valley (Steinmann, 1929), and Olmos, 
east of the Sechura desert of northwest Peru 
(A. A. Olsson, personal communication). 
Tschopp (1948) records E. ochotica from the 
lower part of the Santiago formation in eastern 
Ecuador. Apparently, then, Norian limestones 
are widely developed along the Cordilleran geo- 
syncline, from a latitude somewhat south of 
Oroya, north at least as far as Ecuador. No 
Triassic rocks are known in southern Peru, nor 
have they been found along the coast. 

In the Cerro de Pasco region E. ochotica is 
known only in a mineralized area just west of 
the bismuth mine at San Gregorio. The fossil 
is abundant in a single steeply dripping silici- 


fied stratum which is close above the contact 
with the Mitu group. The basal Mesozoic 
limestones at this locality may therefore be 
assumed to be Norian. 

The age of the whole, thick, remaining se- 
quence of limestones is not exactly known. 
Exhaustive search for sharply diagnostic am- 
monites was unsuccesful. Dr. O. H. Haas 
(personal communication, April 29, 1947) has 
found the brachiopod genus Spondylospira in 16 
fossil lots, all from the upper portions of the 
limestone sequence. Vokes and Haas (1944) 
demonstrated the presence of certain Spondylo- 
spira species in the Ladinian (upper Middle 
Triassic) limestones of the Nevado de Acro- 
tambo, northern Peru (Kérner, 1937), but 
Haas (1946) suggested that the supposedly 
Ladinian fossils may cover a range wider than 
Ladinian. In Haas’ (personal communication) 
opinion the presence of several gastropod gen- 
era hitherto recorded only from Liassic or even 
younger Jurassic strata might suggest expansion 
of the section into the Rhaetian. As undoubted 
lower Liassic faunas have been described from 
localities within 50 miles of Cerro de Pasco, 
part of the continuous limestone sequence east 
of Cerro de Pasco may be Upper Triassic and 
part lower Liassic. Separation between the 
upper and lower parts of the section is not 
clear cut and exact placing of the boundary 
will have to await more detailed paleontologic 
work, 

Because age determinations for the lower 
Mesozoic calcareous sequence of central Peru 
are still inconclusive, these beds are here con- 
sidered together as the Pucar4 group. Pucar4 
was suggested as a regional name by McLaugh- 
lin (1924, p. 605). Local names in use at Cerro 
de Pasco for parts of the limestone sequence 
(Uliachin limestone for the Triassic and Paria 
limestone for the Liassic) are not valid strati- 
graphic terms because their age and limits can- 
not be determined accurately. 

A north-south thrust fault passes through 
Cerro de Pasco and is lost to the south under 
the gravels of the Pampa de Junin. It separates 
distinctly different facies of the limestones 
within the Cerro de Pasco region (Fig. 1) 
(Boit, 1940a). Faunas of the two facies are 
similar, with Spondylospira represented in both. 
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EASTERN FACIES 


_ 


6 


WESTERN FACIES 


TOTAL 9615’ 


Ficure 1.—ComparisoN OF EASTERN AND WESTERN Facies oF PucarA Group 


Eastern Facies roughly 7 kilometers (4.3 miles) wide and 


The eastern facies of the Pucari group within  €xtending north-south across and beyond the 
the Cerro de Pasco region underlies an area region mapped. The same rocks appear agail 
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at the eastern border of the region just north 
of the narrow-gauge railway to Huach6n. 

Section 1 is a generalized section through the 
Pucar4 group east of the Cerro de Pasco thrust 
fault. A compilation of data secured in many 
places, it is particularly applicable to the area 
due east from Cerro de Pasco. 


Section 1.—GENERALIZED SECTION OF PucaRA 
Group East oF THE CERRO DE Pasco 
Turust Fautt, CERRO DE Pasco 


Approximate 
Zone Description thickness (feet) 
Lower Cretaceous: Goyllarisquisga formation 
Discordance 


Upper Triassic (and Lower Liassic ?): Pucaré 


6 Limestone, thick-bedded, buff, 
crystalline, with pink to brown 
fossiliferous bed at base 460 


5 Limestone, gray to brownish gray, 
wit’ soft y shale inter- 
be sed. Near base are several 
beds with abundant corals 1025 
4 Limestone, dark gray to black, 
weathering bluish gray, some 
beds highly fossiliferous. All 
reported Spondylospira are 


from this zone. 1300 
3 Limestone, gray brown, massive, 
with siliceous concretions 350 


2 Limestone, interbedded buff and 
dark gray, with numerous con- 
cretionary beds, abundant 
fossils, and some shale inter- 
beds 380 


1 Limestone and dolomite, thick- 
largely gray, 
crystalline, sparsely fossilifer. 
ous, with some shale interbeds 6100 
Total Pucaré group 9615 fe feet 
Discordance 
Permian: Mitu group. 


The thickness in Section 1 is of the proper 
order of magnitude but may be in error by 10 
per cent due to structural complications. Some 
idea of the thickness of the Pucar4 group may 
be obtained from Figure 1 of Plate 2, which 
shows a sequence of limestone beds uninter- 
rupted by structural breaks along the ridge 
between Cerro de Pasco and Vareas’ hacienda. 
At least 4800 feet of the Pucar4 group are 
shown, capped by beds containing Spondylo- 
Spira near the axis of a syncline to the east. 


The relationship of the Pucar4 group to the 
underlying Mitu group east of the Cerro de 
Pasco thrust fault is not clear except at some 
distance from the center of the region mapped. 
At the eastern edge of the area, east of Huanca, 
brownish-gray massive limestone rests on ar- 
kosic sandstone of the Mitu group with slight 
angular unconformity. Northeast of Carhua- 
mayo, about 30 miles southeast of Cerro de 
Pasco, basal gray, compact Pucar4 limestones 
are essentially parallel to underlying conglomer- 
ates and flows of the Mitu group. 

In the northern part of the map is a small 
patch of arkosic red sandstone belonging to the 
Mitu group and beneath Pucaré limestone 
The structure in the red beds, which are in- 
competent, is complex, and the actual contact 
appears to be an angular unconformity. Evi- 
dence on this point is inconclusive, as faulting 
or disharmonic folding may have occurred. 
At this place 2240 feet of continuous limestone, 
all within zone 1 of Section 1, were measured. 
A massive basal limestone here is similar to the 
basal limestone west of the north-south thrust 
fault. It also resembles, except ix it: lack of 
fossils, the gray basal limestones noieast of 
Carhuamayo and east of Huanca. These basal 
beds are probably Norian, although Entomonotis 
ochotica as an index fossil is lacking. From the 
data assembled it would appear that E. ochotica 
tends to be abundant only in certain limited 
localities within a single zone close to the base 
of the Pucar4 group. 

The most widely discussed Triassic section 
in the region around Cerro de Pasco is that on 
Cerro Uliachin, close to Cerro de Pasco on the 
southeast. It has been mentioned that Stein- 
mann (1929) considered this section Karnian. 
Boit’s discovery of Norian strata near the base 
of the section both east of the fault zone at 
Carhuamayo and west of it at San Gregorio 
makes the existence «‘ older strata on Cerro 
Uliachin unlikely. The limestones on Cerro 
Uliachin are here considered to be Norian or 
Rhaetian. The fauna described by Steinmann 
and found in abundance by the writer is of 
rather indefinite value as an age determinant. 
Section 2, measured on Cerro Uliachin, demon- 
strates the nature of this almost wholly con- 
tinuous limestone sequence. It is zones 2 and 
3 of generalized Section 1. 
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SecTION 2.—SeEction oF Part or Triassic Lime- 
STONE SEQUENCE 


Measured with tape and com along Cerro 
Uliachin, southeast of Cerro de Pasco. Triangula- 
tion station B is at top of bed 4. Section is east of 
the longitudinal fault. 

Thickness 
Bed Description (feet) 
Upper Triassic: Pucaré group 
17 Limestone, dark gray to black, 
weathering blue gray; fossilifer- 
ous, with large Myophoria or 
Trigonia sp. 


16 Limestone, gray brown; massive, 

with ili concretions 

(Zone 3 of Section 1) 350 
Limestone, dark 


sistant, (This an 
underlying beds are zone 2 2 
Section 1) 40 


14 meee, dark gray brown, thin- 


35 

13 Limestone, gray brown, massive, 

resistant, with chert concretions 

and lenses of dark-gray lime- 
stone 35 

12 Limestone, dark y to black, 
bituminous, fossiliferous 40 

11 Limestone, brown, weathers light 

,  nonfossiliferous, thin- 
ded, resistant 26 

10 Limestone, dark gray, thin-bed- 
ded, fossiliferous 11 

9 Shale, limy, and thin-bedded lime- 
stone, largely covered 40 

8 Limestone, dark gray, sandy, 
banded, nonfossiliferous 22 


7 Limestone, dark gray, bituminous, 
bedded, non-resistant, with 
few foils 11 
6 Shale, yellow, brown, black, and 
sandy shale, with thin beds of 
dark-gray to black bituminous 
limestone 45 


5 Limestone, gray to brownish gray 9 


4 Limestone, light grayish tan, mas- 
sive, resistant, nonfossiliferous, 


with irregular siliceous concre- 
tions 11 
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3 Dolomite, light gray, 
thin-bedded, sandy, 
nonfossiliferous 22 


2 Limestone, gray brown, sandy, 

grading laterally into dark-gray 

bituminous, fossiliferous lime- 
stone 3 


1 Limestone, light gray brown, 
crystalline, massive, non-fossilif- 
erous, with bands of siliceous 
concretions 35 


Base covered by talus, close to 
north-south thrust fault 


Total measured section 730 feet 


The kind of alternating rocky and grassy 
hillsides produced by bands of great and little 
resistance within this zone of the Pucaré group 
is shown in Figure 3 of Plate 2. Numerous fossil 
collections from this zone are in the American 
Museum of Natural History, but none contain 
the Spondylospira fauna. Spondylospira so far 
appears to be limited to the part of zone 4 
above bed 17 of Section 2. 


No detailed sections were measured in the — 


remaining great expanses of Pucara southeast 
of Cerro de Pasco, because no clear marker 
horizons could be traced through. Perhaps the 
zone which contains Spondylospira could have 
been used as a mappable unit. Several succes- 
sive belts known to contain Spondylospira are 
interpreted as repetitions due to open or iso- 
clinal folding (Pl. 1). A prolific faunal zone, 
especially. rich in gastropods (Haas, 1946), just 
north of Ninacaca, is high in the section but 
cannot be tied accurately to the rest of the 
Pucar4 group. 


Western Facies 


The Pucar& group west of the Cerro de 
Pasco thrust fault is light-colored, thin-bedded 
limestone with two distinctive shale members, 
one of which is persistent in the region around 


Pirate 2.—EASTERN FACIES OF PUCARA GROUP 
Ficure 1.—View SoutHeast oF LiwesTONE oF EASTERN Facies OF PucarA Group 


Between Cerro de Pasco and Vareas’ hacienda. 


FicurE 2.—Basat PucarA Limestone, Mitu Grovp, 


AND” UNDERLYING GRANITE 


At Lake Pomacocha, north of railroad to Huachén and east of Huanca. View is northwest. 


FiGuRE 3.—Vrew SouTHEAST FROM CERRO ULIACHIN 
Showing ridges formed by resistant limestone beds of the eastern facies of Pucaré group. 
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Cerro de Pasco. Peculiarities of deformation 
have made measurements of the whole group 
west of the fault impossible. The upper and 
lower parts of the section are accurately meas- 
ured, but the middle portion, which may con- 
tain some incompetent beds, is broken by sharp 
folding, faulting, or brecciation. Section 3 is a 
generalized section through the western facies. 


Section 3.—GENERALIZED SECTION 
THE WESTERN FACIES 
Approximate 
Description Thickness (feet) 
Lower Cretaceous: Goyllarisquisga formation 
Sandstones and conglomerates 
Disconformity 
Upper Triassic (and lower Liassic?)—Pucar4 group 
7 Limestone, buff weathering 215 
6 Shale, red and green, persistent 218 
5 Limestone, white weathering 490 
4 Shale and shaly limestone, poorly 
exposed 


apparently not per- 
sistent 396 


Limestone, gray, highly fossilifer- 
ous, with Spondylospira 10 


Probably thin-bedded limestone 
with shales. Largely destroyed 
by deformation. Estimated 500 


Dolomite, massive, buff to gray 228 


Total Pucaré group 2057 


Permian: Mitu group 
Conglomerates and sandstones 


The western facies is about 7500 feet thinner 
than the eastern facies just across the fault. 
The difference in thickness is not imaginary, 
in spite of the clear element of guesswork in 
estimating zone 2 in Section 3. Thick sequences, 
relatively massive and resistant in the eastern 
facies, are lacking in the western. Thirty miles 


northwest, at Goyllarisquisga, the Pucar4 group 


of the western facies is only 100 to 1000 feet 
thick (McLaughlin, 1924, p. 604). It is there 
composed of massive pale-buff and gray lime- 
stone without the shale zones present near 
Cerro de Pasco. 

The basal western facies of the Pucar4 group 
rests disconformably on the underlying Mitu 
group. In most places there is no evidence of 
disconformity although fragments of the under- 
lying conglomerates are now enclosed in the 
base of the limestone. In a few exposures some 
evidence of erosion could be detected, although 
the beds above and below the contact remained 
approximately parallel. Certainly there is no 
evidence of a major orogeny at the close of the 
Paleozoic. 

The dolomite of zone 1 is persistent, massive, 
cliff forming, with bedding obscure except for 
a few feet at the base. A few poorly preserved 
pelecypods and brachiopods have been found 
in this zone, but no trace of the large, easily 
distinguished Entomonotis ochotica. Yet the E. 
ochotica horizon may be projected from San 
Gregorio northwest to the approximate posi- 
tion of the massive basal dolomite northeast of 
Huaraucaca (Pl. 1). Either the Entomonotis beds 
lens out northwestward, or this pelecypod was 
originally erratic in distribution. However, the 
lowest beds of the western facies may be con- 
sidered Norian or younger. 

The upper part of Section 3, including zones 
3 to 7, is well exposed in many places in the 
hills between Huaraucaca and Yuraghuanca, 
and in a sharp anticline extending northwest 
from Yuraghuanca past Rancas and Vincho- 
scancha, Other excellent exposures are present 
along the hills east of Cacuan, north to the 
edge of the map. 

Section 4 is a detailed section of this portion 
of the western facies. 


PtaTe 3.—TRIASSIC AND TERTIARY STRATA WEST OF CERRO DE PASCO THRUST FAULT 


Ficure 1.—Contact BeTweeNn WESTERN Factes or Pucark Group AND GOYLLARISQUISGA FORMATION 
East oF RANCcAS 
View is southward. Contact is just under projecting slabs of red sandstone. Zone 6 (largely shale) is the 
grass-covered band between limestones. Strata are vertical to steeply west-dipping. 
Ficure 2.—View West across THE Norra oF SOUTHWARD-PLUNGING CACUAN SYNCLINE 
Shuco conglomerate caps the hill at left and ridge in distance. Lower member wraps around syncline 


below the Shuco. 


Ficure 3.—View Nortn rrom Hitt or Sauco Limestone CONGLOMERATE AT SOUTH 
Enp oF PLUNGING CACUAN SYNCLINE 


Folded beds are limestone and shale of Calera member. 
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SECTION 
Group 


Measured with tape and compass in low hills 


south of Yuraghuanca. 


4.—SecTIon OF UppeR PorRTION OF 


Thickness 


Description 
Cretaceous: Goyllarisquisga 


formation 


45 Sandstone, yellow to gray, 
white weathering, cross- 
bedded, coarse-grained, 
with lenses of quartz con- 
glomerate 


44 Sandstone, sandy shale, and 
shale, all red,rwith lenses of 
quartz conglomerate 

Unconformity 

Upper Triassic (and lower 

Liassic?): Pucaré group 
Zone 7: Buff-weathering limestone 


43 Limestone, brownish pink, 
nonfossiliferous 


42 Limestone, buff, compact 


41 Limestone, buff, with small 
solution cavities filled with 
white calcite 

40 Limestone, light tan to buff, 
thin-bedded, with thin shale 
beds in upper third 

39 Limestone, tan, with many ir- 
regular layers of chert con- 
cretions 

38 Shale, gray, with limestone 
lenses 


37 Limestone, tan 

36 Limestone, pinkish brown, 
compact 

35 Shale 

34 Limestone, buff 

33 Shale 

32 Limestone, light pink to 
brown, compact, with white 
chert concretions 

31 Shale with limestone lenses 

30 Limestone, tan, with pinkish 
streaks and chert concre- 
tions near top and bottom 


29 Shale 
28 Limestone, gray brown 
27 Limestone, pink to dull red 


26 Interbedded gray shale and 

light gray-brown limestone 
25 Limestone, light tan, fossilifer- 
ous in lower 2 feet, chert 
nodules in upper part 


Total zone 7 


(feet) 


220 


Zone 6. Chiefly shale 


24 Shale, red sand green, with 
numerous thin beds of buff 
limestone, green to gray 
on and red sandy 


le 
Zone 5. White-weathering limestone 


23 Limestone, pinkish gray, 
banded, with gray chert 
concretions 

22 Shale 


21 Limestone, gray brown, thin- 
ed, with thin shaly 
layers 


20 Limestone, pale yellowish 
gray, massive 


19 Limestone, light gray brown 
with bands of gray chert 
concretions 


18 Limestone, gray, sandy 


17 Limestone, light brownish 
gray, with gray chert con- 
cretions in some layers 


16 Limestone, gray brown, sandy 


15 Limestone, light gray to tan, 
concretionary in middle 


part 
14 Limestone, light gray 


13 Sandstone, limy, brown, - buff 
weathering 


12 Limestone, tan to y brown, 
in beds 1-2 feet thick 


11 Limestone, tan, fossiliferous 
10 Limestone, gray to tan 


9 Limestone, light gray brown 
to buff; fossiliferous: poorly 
preserved brachiopod fauna 


8 Limestone, buff to gray buff 
in part shaly; bituminous 
odor on fresh fracture 


shaly, wi 


Total zone 5 
Zone 4. Shale and soft limestone 


5 Shale, limy, with thin lime- 
stone beds 


4 Limestone, dull gray brown, 
soft, bituminous 


3 Shale, yellow and gray, with 
thin limestone beds 


2 Limestone, pale buff, soft 
Total zone 4 


81.4 


| 


33.4 


1.3 


7 Limestone, light gray brown 


48.3 


2.2 

300 
16.1 
| 62.2 
3 
22.4 | 
4 
| 
13.9 
24.7 
27.8 
11.3 
9 
| 10.4 
3.2 
1.4 
5.1 
7.4 
8.3 
17.7 
i 490.2 
5 
| I 
| 1.2 
a 0.4 
22.1 
| | 214.4 296 


0.2 


Zone 3 

1 Limestone, gray, massive, 
with abundant fossils in- 
cluding Spondylospira and 
other brachiopods, gastro- 
pods, corals, and large 


echinoid spines 10 
Total exposed Pucard 
group 1228.6 


Section terminated by strong 

brecciation along axial plane 
of isoclinal anticline 

Section 5 was measured where the strata are 
vertical, in the absence of any more open 
structures in this part of the region. Thickness 
of incompetent beds is therefore bound to be 
reduced. A higher percentage of argillaceous 
beds might be anticipated if the region were not 
so strongly deformed. A general view of the 
upper part of the Pucar4 group is shown in 
Figure 1 of Plate 3. 

The western facies of the Pucar4 group near 
Cerro de Pasco somewhat resembles the sections 
described by Harrison (1943, p. 5-9), in the 
vicinity of Oroya to the south. He distinguishes 
three divisions of the Pucara group, as follows: 


Upper Calcareous Series (Liassic) 
Thin to thick-bedded limestone, with nodular 
chert bands, oolitic layers, and shale partings. 
Ranges from 1160 feet thick near Pomacocha 
to 4400 feet near Oroya. 

Lower Liassic shale series 
Included in this division are the following 
strata (east of Oroya) 


Shale and green standstone 60 
Dark bituminous shales with Sine- 

murian ammonites 230 
Variegated sandstones 265 
Thin limestones, sandstones, and 

shales 620 
Dark-red and gray shale 160 
Oolitic limestone 460 
Shale 5 

Total 1800 feet 


Lower Calcareous Series (Triassic) 

This limestone succession is 2700 feet thick 
near Huaricolca, 1000 feet thick near Azupite, 
and missing around Yauli. It is underlain by 
red and yellow shales up to 360 feet thick. 
Chert concretions are abundant particularly in 
the upper part. At least part of this division is 
Norian. 


The western facies near Cerro de Pasco may 
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correspond in part to Harrison’s Lower Cal- 
careous series and the lower part of his lower 
Liassic shale series, which, as he points out, 
could be Triassic. 

To recapitulate, the principal differences be- 
tween the two facies of the Pucaré group, so 
sharply set apart by the north-south thrust 
fault through Cerro de Pasco, may be indicated 
in tabular form. 


Eastern facies Western facies 
Thickness about 9500 Thickness about 2000 
feet feet 


Almost all limestone; Little more than half 
little dolomite and limestone and dolo- 
shale mite; the rest distinc- 

tive, thick shale and 
sandstone members, 
one of which is per- 
sistent. 


Spondylospira zone Spondylospira zone 
present. The Spon- present, 10 feet thick 
dylospira collected ap- 
pear to be from vari- 
ous horizons in a zone 
about 1300 feet thick 

Top of Spondylospira Top of Spondylospira 
zone is about 1500 zone is about 1320 
feet below top of Pu- feet below top of Pu- 
car4 group car4 group 


Sharp demarcation of the two facies along 
the fault is of tectonic origin. In a broader sense, 
existence of two such different facies in adja- 
cent parts of the lower Mesozoic sea is also 
tectonic. Discussion of the origin of the facies 
and of their present juxtaposition is therefore 
reserved to the section of this paper on struc- 
tural history of the region. 


CRETACEOUS 


The limestones of the Pucara group are over- 
lain by clastics of continental origin which are 
called the Goyllarisquisga-Jatunhuasi sand- 
stone by McLaughlin (1924). A more appro- 
priate name in view of the varied nature of the 
deposits is Goyllarisquisga formation, as used 
in the present work. 

Basal red shaly sandstones and associated 
quartz conglomerates of this formation rest dis- 


j 
4 


conformably on the Pucar4 limestones. Locally 
slight angular unconformity may be observed. 
Channelling of the upper surface of the lime- 
stone is evident at the contacts east of Vincho- 
scancha. 

Erosion of the uplifted but not strongly dis- 
torted surface of the Pucar4 group must have 
occurred before the deposition of the Neo- 
comian Goyllarisquisga formation. This prob- 
ably was a marginal manifestation of the Nevad- 
ian disturbance, more strongly evident in 
southern Peru (Newell, 1949, p. 48). 

The Goyllarisquisga formation is developed 
to about equal extent east and west of the Cerro 
de Pasco thrust fault. No marked facies changes 
are evident. 

East and northeast of Cerro de Pasco the 
clastics of the Goyllarisquisga are separated 
from overlying red beds of probable Tertiary 
age by one, or in some places two, thin lime- 
stone beds which are possibly to be correlated 
with middle Cretaceous limestones elsewhere 
in central Peru. These limestones do not appear 
elsewhere within the area mapped and are not 
shown on Plate 1. 


TERTIARY 


In the Goyllarisquisga district a thick se- 
quence of red, gray, and gray-green shales and 
sandstones, with beds of conglomerate and 
limestone, rests on the Goyllarisquisga forma- 
tion and middle Cretaceous limestone in angular 
unconformity. This formation was described 
by McLaughlin (1924, p. 611) as the Poco- 
bamba formation. Some of the more resistant 
beds may be traced almost continuously south- 
east to the Cerro de Pasco district. The Poco- 
bamba formation enters the region of Plate 1 
in the northwest corner and may be traced 
southeastward along a number of folds to the 
Marcapunta intrusive. 

West and south of Cerro de Pasco the Poco- 
bamba formation may be divided conveniently 
into three members (Section 5). 


SEcTION 5.—PocOBAMBA FORMATION 


Thickness 
(feet) 
Calera member 
Interbedded dull-gray shale and fine- 
grained white, pink, and light gray- 
brown limestone 850-2300 
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Shuco limestone conglomerate 


Fanglomerate with large subangular 
boulders of limestone in a lime- 
stone matrix 100-550 
Lower member 


Shale, sandstone, conglomerate, 
with several prominent limestone 


beds and lenses 0-1000 
Total exposed thickness Poco- 
bamba formation 1600-2850 


The lower member of the Pocobamba forma- 
tion is well developed in the folded belt west of 
Quilcaymachay. It is best exposed where it 
wraps around the north end of the Cacuan syn- 
cline (Pl. 3, fig. 2), but its lower contact through- 
out this area is concealed. This member is soft, 
nonresistant shale and sandstone, for the most 
part gray and gray green, but with some pink 
marl beds and prominent red shales. The sedi- 
ments of this member appear to be of lacustrine 
and fluvial origin, but have not yielded con- 
firmatory fossils. 

Well down in the shales of the lower member 
of the Pocobamba formation are two limestone 
beds somewhat more resistant than the rest of 
the member. The upper one is a 25-foot bed of 
soft pale-pink limestone and light-gray lime- 
stone mottled with buff and pink and with 
numerous rounded patches of white crystalline 
calcite. The lower limestone is about 15 feet 
thick and is mottled pink and light gray ina 
manner strongly suggesting algal deposition. 
Other carbonate beds exist still lower in the 
formation but are nonpersistent. 

The southernmost exposure of the lower 
member forms a low hill south of the railroad 
east of Yuraghuanca. In the large area of Ter- 
tiary rocks between the Cerro de Pasco and 
Marcapunta stocks, the succeeding unit, the 
Shuco limestone conglomerate, rests directly 
on the Excelsior group, Mitu group, or Pu- 
group. 

The Shuco limestone conglomerate or fan- 
glomerate is one of the spectacular lithologic 
units of the region (Pl. 3, fig. 3). Outcrops in 
the vicinity of the Cerro de Pasco stock, and to 
the south, contain angular tosubangular blocks 
of Pucar& limestone ranging up to 12 feet in 
diameter. The larger blocks are in those out- 
crops close to the Cerro de Pasco thrust fault. 
Interstitial to the large boulders are angular to 
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semirounded limestone boulders, pebbles, and 
sand grains tightly cemented by fine gray cal- 
cium carbonate blotched with pink. With some 
difficulty irregular lenticular masses of fine- 
grained conglomerate may be found as a rough 
indication of bedding. 

Farther west the size of boulders abruptly 
descreases. Boulders are more nearly rounded, 
and rocks other than limestones of the Pucara 
group appear. In the plunging syncline north- 
east of Yuraghuanca the Shuco is distinctly 
separated into two thick beds on the basis of 
color of cementing carbonate and on prevalence 
of Pucar4-type boulders. The normal boulder 
size in this area is 6 to 10 inches. Six miles to 
the north boulders are in most places 2 to 4 
inches in diameter, well rounded, and made. up 
of quartzite, chert, and Mitu conglomerate in 
excess of Pucara limestones. The Shuco lime- 
stone conglomerate thins from about 550 feet 
between Colquijirca and Cerro de Pasco to 
about 100 feet in the northwest part of the region 
mapped. Nearer Goyllarisquisga the Shuco can- 
not be distinguished from other conglomerates 
appearing at several places in the Pocobamba 
formation. The Shuco tongues northwestward 
into fine shale, siltstone, and sandstone and is 
lost as a separable member of the formation. 
Although the conglomerate is conformable with 
underlying and interfingering beds to the north- 
west, abrupt disappearance of lower Poco- 
bamba beds toward the east suggests local lack 
of conformity. Original thinning of the lower 
member at the east edge of its depositional 
basin appears to have been accentuated by 
mild warping and erosion prior to the accumu- 
lation of the Shuco conglomerate. 

The Shuco limestone conglomerate is a fan- 
glomerate formed in the piedmont belt of new 
mountains to the east, composed of Pucaré 
limestone. These mountains had come into 
being just preceding Shuco deposition, for in 
the lower member of the Pocobamba formation 
there is no evidence of high topographic relief 
near by. 

Presumably the eastern limestone massif was 
raised principally along the Cerro de Pasco 
thrust fault. The assumption is founded on the 
increase in size and angularity, and the lack of 
sorting of boulders in the conglomerate as the 
fault is approached from the west. The Shuco, 
moreover, is not known east of the fault. 


TERTIARY 


Accompanying the faulting, initial slight but 
general upwarp produced eastward truncation 
of marginal lower Pocobamba beds. 

The coarse and unsorted alluvium of the 
piedmont was cemented during deposition by 
carbonate-bearing surface waters from the lime- 
stone mountains to the east. Westward from 
the alluvial fans in front of the thrust, boulders 
were carried by stream action, reduced and 
rounded by abrasion and solution, and mixed 
with an increasing number of boulders from 
other sources. 

It seems unlikely that the Shuco conglomer- 
ate itself became involved in the folding or 
faulting at this time. The conglomerate ends 
sharply above and is covered in apparent con- 
formity by the Calera member of the Poco- 
bamba formation. 

The Calera member, named the Calera lime- 
stone by McLaughlin (1924), and Calera forma- 
tion by McKinstry (1936), is estimated to be 
about 70 per cent soft shale, siltstone, and 
sandstone, and 30 per cent limestone. It has 
yielded a fresh-water flora and fauna which 
strongly suggest an early Tertiary age. 

Limestone beds, in part silicified by hydro- 
thermal solutions from the Marcapunta stock, 
form the only prominent exposures of the 
Calera member and suggest that the formation is 
principally limestone. At the Calera quarry 
(Pl. 1) and west of Colquirjirca, a clear idea of 
the lithology of the formation may be obtained 
(Sections 6, 7). 


SECTION 6.—SECTION OF PaRT OF CALERA 
MEMBER OF POcCOBAMBA FORMATION 


Measured with tape in Calera quarry. 


Bed Thickness 
No. Description (feet) 
Tertiary: Pocobamba formation 

Calera member 


8 Limestone, light brownish gray, 
fossiliferous, with abundant 
planorbids, some charophyte 


oégonia in upper 3 feet (in upper 

part of southeast corner of 

quarry) 22 
7 Shale, limy, light gray to gray 

green 14 
6 Limestone, fine-grained, light gray 

brown, with rare and poorly pre- 

served fossils 2.3 
5 Shale, green 0.5 


Marl, light greenish, thin-bedded, 
soft, with clay bands 17.7 
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Limestone, soft, marly, light green- 

ish gray 16.5 
Clay, green 5.0 
clayey, pale buff, 


36.0 


Base is covered at level of dump 


Section 7.—SECTION OF Part OF CALERA 
MEMBER OF POcOBAMBA FORMATION 
Measured 1 mile west of Colquijirca with tape 
and compass 
Bed Thickness 
No. Description (feet) 
Tertiary: Pocobamba formation 


12 


pproximately equivalent to 

bed 8 of Section 6. (Beds 12 
and 13 are the same as the 
principal mineralized manto in 
the Colquijirca silver mines, 
shown in section by McKinstry 
(1936, p. 621) 
Shale, gray, limy, with beds of soft 
limy siltstone and sandstone 
Limestone, brownish gray, with 
bands and nodules of brown 
chert 

Shale, limy, with two beds of 
fine-grained gray cherty lime- 
stone each a foot thick 

Limestone, gray, with thin calcite 
veinlets 

Shale, with a few lenses of yellow 
marl 

Clay, gray green, limy, with sev- 
eral one foot beds of dull 
yellow limestone 

Clay, marl, and other soft beds, 
largely covered 

Clay (?), largely covered, with a 
few beds of yellow, cherty lime- 
stone 3 to 8 inches thick 

Limestone, yellow, with many ir- 

layers of brown chert 

Shale and sandstone, limy, green- 

ish-gray, soft, largely covered 


Total measured Calera member 


Shuco limestone conglomerate 


Conglomerate, unsorted, with 
subanguler boulders of lime- 
stones of eastern facies of 


Pucaré group and of Mitu 
group quartz conglomerate 340 


Angular unconformity 
Permian: Mitu group 
Red shale and arkosic sandstone 


Three fossil lots taken at and near Caler 
quarry yielded poorly preserved fresh-water 
planorbids. Dr. Henry A. Pilsbry, who has 
made a provisional examination of the material, 


writes (letter of Dec. 1, 1947) that there are : 
two species of Drepanotrema but that, as these § 


are the first fossil ones ever found they do not 
help with age determination. In preparing some 
of this material, Dr. Otto Haas discovered some 
charophyte odgonia and forwarded them to Dr, 
Raymond E. Peck. Peck (letter of May 10, 


1948) states that because of their poor preserva. | 


tion they are not too diagnostic. He would 
judge, however, that these charophytes are 
lower Tertiary or late Upper Cretaceous. They 
closely resemble Actochara mitella Peck and 
Reker described from the Evanston formation 
of Wyoming. 

The Calera member of the Pocobamba was 
clearly deposited under conditions largely lacus- 
trine in a region without prominent relief. No 
conglomerates or coarse sandstones have been 
detected in it. Certainly, then, the structural 
activity which produced the relief responsible 
for the Shuco fanglomerate must have de- 
creased abruptly, or shifted to some other area. 

The depositional history of the Pocobamba 
formation is illustrated schematically in Figure 
2. In A the lower beds are deposited in a 
broad shallow basin toward the west, resting 
unconformably on all older formations. In B 
relief east of the Cerro de Pasco thrust is pro- 
duced by movement along the fault, giving rise 
to the Shuco limestone conglomerate. The con- 
glomerate rests conformably on the lower mem- 
ber to the west, but truncates Mesozoic and 
older beds to the east. It does not occur east of 
the fault. Lacustrine or fluvial deposition con- 
tinues in the west, intertonguing with Shuco 
type conglomerate eastward. Finally, as i- 
lustrated in C, relief to the east is again re- 
duced, and fine clastics and carbonate deposits 
are deposited conformably above the conglomer- 
ate. 

No information is available concerning the 
subsequent depositional history of the Poco- 
bamba formation in the vicinity of Cerro de 
Pasco. Erosion may have removed much ma- 
terial above the Calera member as now exposed. 

Farther east, however, two faulted synclinal 
bands of red beds are tentatively correlated 
with the Pocobamba formation. One is about 5, 
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and the second about 8 miles due east of Cerro 
de Pasco. The latter passes just east of La 


rested on the Pocobamba and older formations 
in sharp unconformity. 


LOWER MEMBER, 


A 


PALEOZOIC 


FicureE 2.—D1AGRAM SHOWING DEPOSITIONAL AND TECTONIC HisToRY OF THE POCOBAMBA FORMATION 


Quinua (index map, Pl. 1). These red beds cover 
an extensive region east of La Quinua, and 
actually are preserved on the flanks of a major 
anticline near Ticlacayan, about 20 miles north- 
east of Cerro de Pasco. (See Billings, 1942, 
Pl. V.) 

The red beds are largely shale, sandstone, 
and conglomerate of moderate pebble size, 
with some lenses and persistent beds of lime- 
stone, particularly in the lower part. Red 
colors are much more general than in the Poco- 
bamba formation. Total known thickness is 
around 3600 feet. It is comparable in many ways 
to the Casapalca red beds (McKinstry and 
Noble, 1932, p. 503, 504). Undoubtedly these 
red beds east and northeast of Cerro de Pasco, 
the Pocobamba formation, and the Casapalca 
red beds are roughly equivalent in time. They 
appear, however, to have accumulated in sepa- 
rate basins and under somewhat different condi- 
tions. 

Volcanic rocks have not been detected in the 
Pocobamba formation. Pyroclastics closely as- 
sociated with the Cerro de Pasco and Marca- 
punta stocks must have once been much more 
extensive in the region, resting on the highest 
Pocobamba beds. As explained in the following 
structural history, such volcanics would have 
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Abrupt changes in thickness of the Pucara 
limestone sequence cannot be explained wholly 
by wedging out of the sediments nor by erosion 
and unconformable overlap of lower Cretaceous 
strata. Both of these factors play some part in 
the development of the anomalous stratigraphic 
data. They are, however, greatly accentuated 
by a third element, structural in nature, which 
has had the effect of bringing facies markedly 
different and formed some distance apart into 
close juxtaposition. 

The lower Mesozoic limestones and shales, 
considered together as the Pucaré group, were 
deposited in a long, narrow part of the Cordil- 
leran trough between the east side of the 
Western Cordillera and the crest of the Eastern 
Cordillera. Within the trough, certain zones, 
probably elliptical and parallel to the general 
geosynclinal trend, were consistently negative 
elements. In these negative areas carbonate 
sediments accumulated almost to the exclusion 
of argillaceous or arenaceous clastics. However, 
clastics appear as persistent interruptions of 
the carbonate sequence in adjacent more ex- 
tensive regions. Discrepancies in thickness and 
lithology suggest that occasional positive move- 
ments may have brought about erosion of 
material deposited in the trough. 
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The thickest essentially uninterrupted lime- 
stone of this age recorded is the eastern facies 
of the Pucaré group east of Cerro de Pasco. 
The western facies, on the other hand, repre- 
sents-an accumulation much thinner and in- 
terrupted by shale and sandstone beds. The 
thick eastern facies, as now known, appears to 
be local and limited to a narrow belt about 100 
miles long, extending from near Ambo, south- 
ward to the vicinity of Carhuamayo. 

Deformation subsequent to lower Liassic sedi- 
mentation followed the grain of the geosyncline 
and of the elongated negative and intermit- 
tently negative areas of sedimentation. A mild 
disturbance took place during the middle or 
upper Jurassic. Emergence of this part of the 
Cordilleran trough was accompanied by sub- 
sidence along a belt to the west. In southern 
Peru, marine limestones and clastics accumu- 
lated along the present coast during Middle 
and Upper Jurassic (Callovian) time (Jenks, 
1948). Marine sedimentation occurred during 
the Neocomian in the Lima areas (Lisson, 
1907). The Nevadian disturbance was stronger 
in southern than in central Peru, but there is 
evidence of mild warping and erosion of the 
Pucar4é group around Cerro de Pasco prior 
to the deposition of the Neocomian Goyllaris- 
quisga continental beds. 

During the Middle and early Upper Cre- 
taceous that part of the Cordilleran trough 
including Cerro de Pasco, Oroya, and Huan- 
cavelica to the south was again a negative belt. 
Extensive limestones of this age are the young- 
est marine formations of the Andes in central 
Peru. 

Between marine sedimentation of early upper 
Cretaceous age and deposition of the conti- 
nental Pocobamba formation, most probably of 
early Tertiary age, strong folding occurred in 
the Cerro de Pasco and other near-by regions. 
This manifestation of the Laramide orogeny 
produced the major anticline which brings up 
the Excelsior group in the Cerro de Pasco 
region, and another to the east, much greater 
in extent, which broadly elevated older schists 
and granites along the Huachén trend. 

Folding at this time produced sharper folds 
in the zone of the western facies of the Pucara 
group near Cerro de Pasco than in the thicker 
eastern facies. Overlying formations were simi- 


larly affected. The massive, competent easter 
facies acted as a bulwark to strengthen the 
whole stratigraphic column. Thus, in the yi. 
cinity of La Quinua, and southeast of Vareas’) © 
hacienda, red beds of probable early Tertiary © 
age rest on Cretaceous strata in apparent con. © 
formity. West of the Cerro de Pasco fault, on © 
the other hand, the Pocobamba formation rests 
on Excelsior, Mitu, and Pucaré with sham 
angularity (Pl. 1). In the Goyllarisquisga region | 
the Pocobamba rests on Pucar& and Goyllaris. | 
quisga, with far less angularity than is evident | 
near Cerro de Pasco. Clearly the intensity of 7 
the pre-Pocobamba folding dininished somewhat | 
northwestward, and probably westward as well, | 

Probably the Cerro de Pasco thrust fault | 
began to be active at this time. Pucaré lime © 
stones, forced westward toward a region where 
they were far thinner and less competent, broke 
at the eastern flank of the highest and weakest 
fold, where the Excelsior group is now exposed. 
Close folding, and thrusting along the Cern 
fault, produced marked shortening of the gap 
between the eastern and western facies of the 
Pucar& group, a process which was to be ac- 
centuated later. 

A long interval of quiescence brought about 
the erosion of the folded Mesozoic and older 
formations to a condition of moderate relief, 
close to sea level, before conditions once more 
became propitious for the preservation of sedi- 
ments in abundance. In shallow intermontane 
valleys, early Tertiary lake, river, and alluvial 
deposits of the Pocobamba formation began to 
accumulate. In another valley eastward red 
beds accumulated, as they did along a major 
broad valley along what is now the westem 
Cordillera. 

Intense folding and faulting, undoubtedly 
accompanied by general upward land move- | 
ment, ended Pocobamba sedimentation. So 
great were the compressive stresses that west 
of the Cerro de Pasco thrust fault isoclinal 
folds were produced in the upper beds of the 
Pocobamba formation (Billings, 1942, Pl. VI). 
The competent Shuco member was less tightly 
compressed, but did attain vertical dips. The 
intense compression produced plunging asym 
metrical folds in the Shuco limestone conglomet- 
ate and, by the squeezing of this competent 
material, induced disharmonic isoclinal folds 
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in the extremely incompetent Calera member. 
Folds west of the Cerro fault tend to be asym- 
metrical, with axial planes dipping eastward 
(Sections C-D and H-I-J of Pl. 1). 

The large northwestern area of Pocobamba 
formation shown on Plate 1 is an irregular, 
canoe-shaped, doubly plunging syncline (PI. 3, 
figs. 2, 3). 

Offset from the northwestern area just de- 
scribed is the extensive syncline between the 
Cerro de Pasco and Marcapunta stocks. Though 
this syncline is more open than that to the 
northwest, it shows asymmetric folds with 
eastward-dipping axial planes in the southern 
portion at Colquijirca. The fold plunges south 
into the Marcapunta stock. Gravels of the flat 
pampa conceal any Pocobamba beds which may 
exist south of the stock. 

Intensity of folding in the Tertiary beds in- 
creases eastward in both the northwestern 
(Cacuan-Pumagaga) and eastern (Cerro-Marca- 
punta) synclines. Shuco conglomerate is over- 
turned just west of the Cerro de Pasco thrust 
fault between Lakes Quiulacocha and Yana- 
mate as a result of the continued westward 
thrust of Pucaré limestones. That the fault 
continues south at least to the Marcapunta 
stock is suggested by the nature of the folding 
in the Colquijirca Mine. Northward along the 
fault Pocobamba beds have been removed by 
erosion because of the south plunge. 

A second thrust fault of large displacement is 
postulated along the east side of the northwest 
syncline. In places between Cacuan and Puma- 
gaga, and between Pumagaga and the southern 
outcrop of the synclinal trough, the massive 
Shuco conglomerate does not outcrop. Ap- 
parently this is because the vertical conglomer- 
ate member has been thinned or cut out along a 
thrust. Confirmation is given by an exposure 
half a mile north of Pumagaga, where brecciated 
Pucaré limestones are in fault contact with the 
Shuco. 

The hypothetical southern extension of the 
thrust which passes Pumagaga is inserted be- 
cause of the obvious dislocation of pre-Tertiary 
folded formations southeast of Yuraghuanca. 
A second fault must almost inevitably exist 
between the isoclinal anticlines to the southwest 
and north of Yuraghuanca. In the absence of 
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confirmatory data this fault was omitted on the 
map. 

North of Pumagaga, the thrust is believed to 
be offset by an accurately located vertical 
fault striking northwest. The latter appears to 
be a tear fault which separates a southern 
mobile block from a northern relatively stable 
block. The fault may well have curved around 
to join the main thrust at a point where the 
Shuco thins abruptly south of Cacuan. The 
south side appears to have moved upward to 
the northwest with a rotational movement 
which was the result of westward thrusting. 

At the north edge of Plate 1 another thrust 
fault swings abruptly into a tear fault at its 
south end. In this case Pucar4 limestone is dis- 
placed westward on the north side. Between the 
two tear faults the thrust is displaced eastward 
nearly a mile. In this segment basal Pucar4 beds 
and the Mitu group on the east are thrust up- 
ward against the upper Pucar4 beds along at 
least two faults (Pl. 1, Section A-B). Wide 
zones of brecciation mark these breaks. 

The faults of the western thrust zone appear 
to have been inactive during Pocobamba time. 
There is no evidence that they in any way 
limited or controlled facies of the Pocobamba 
formation. Whether they had been active during 
the folding which preceded deposition of Poco- 
bamba strata has not been determined. 

Movement along the Cerro de Pasco longi- 
tudinal thrus* fault occurred before, during, 
and after Pocobamba time. During the last 
stage of movement Pucar4 limestones of the 
eastern facies were thrust westward and upward 
over older Excelsior shales and younger Poco- 
bamba beds. At the same time massive seg- 
ments of the Pucar4 east of the fault were 
dislocated to form isoclinal folds with axial 
planes dipping steeply eastward. Folding was 
accompanied by brecciation along axial planes, 
as would be expected in the yielding of such a 
competent sequence. In general, folds may be 
traced by direct field observation north and 
east of Cerro de Pasco, but are lost in a sequence 
of steep east dips 3 miles across the strike at the 
latitude of Yanamate Lake. Structure in this 
region is tentatively worked out on the basis 
of Spondylospira occurrences, on the assump- 
tion, yet to be proved, that this genus around 
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Cerro de Pasco marks a distinct stratigraphic 
unit. 

Quartz monzonites and other intrusives 
which, with associated pyroclastics, make up 
the Cerro de Pasco, Marcapunta, and Yana- 
mate stocks appear to have been emplaceP 
after the post-Pocobamba folding and faulting. 
They do not show strong deformation in a 
north-south direction, and there is certainly a 
suggestion that the Cerro stock transects the 
Cerro de Pasco thrust fault. The two larger 
stocks appear to be controlled in position by the 
anticlinal high which brings the Excelsior group 
to the surface west of the Cerro de Pasco thrust 
fault. The small Yanamate stock is astride an 
isoclinal synclinal axis which may have con- 
trolled its position. 

Following the igneous activity, or perhaps 
somewhat overlapping it, this region was up- 
lifted to its present elevation. Erosion has re- 
moved the Pocobamba formation from 
anticlinal and upthrust blocks, leaving it only 
where protected in plunging synclines. Another 
2000 feet of erosion which may be anticipated 
within a relatively short span of geologic time 
will remove all trace of Tertiary sedimentary 
rocks from the Cerro de Pasco area. The region 
would then be relatively uncomplicated by con- 
flicting geological evidence and would perhaps 
be interpreted by geologists as an area of 
straightforward, simple folding and faulting of 
older rocks. 

The marked difference in thickness of the 
Pucaré group on opposite sides of the Cerro de 
Pasco thrust fault is believed to be due to the 
bringing together of two facies of approximately 
the same age by sharp folding and by thrust 
faulting, accentuated by moderate differential 
erosion during Nevadian time. Tertiary deposits 
west of the main fault were laid down in a 
tectonic and erosional basin whose position was 
largely determined in Laramide time. The main 
folding and faulting took place during the late 
Cretaceous and again, after a period of relative 
quiet, during the early Tertiary. Igneous 
activity and mineralization followed the last 
tectonic upheaval. Stratigraphic and structural 
data clearly distinguish the lower Mesozoic and 
Tertiary formations. 
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